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PREFACE 



We can not talk about commodity production without building up all the 
operations after harvest. It is possible to market the products just after harvest, 
but it is only possible in small quantities. Postharvest handling is the ultimate 
stage in the process of producing quality fresh fruits and vegetables, getting these 
unique packages of water (fresh commodities) to the supper table. Fresh fruits and 
vegetables are succeptible to a number of postharvest disease and disorders and 
the postharvest operations are predominately aimed at maintaining harvest quality. 
Every step in the handling chain can influence the extent of disease and quality 
of the stored product. From planting to consumption, there are many opportuni- 
ties for bacteria, viruses, and parasites to contaminate produce or nutrient deficiency 
level causing physiological disorders. Most of the storage rots are diseases that 
have originated in the field and have carried over onto commodities after harvest. 
Physiological disorders also arise from poor handling between harvest, storage 
and marketing. Treatments have a direct effect on inactivating or outright killing 
germinating spores, thus minimising rots. Prestorage treatment appears to be a 
promising method of postharvest control of decay. Pre-or-postharvest treatments 
of commodities are considered as potentiel alternatives for reducing the incidence 
of diseases, disorders, desinfestation of quarantine pests and for preserving food 
quality. Postharvest treatments lead to an alteration of gene expression and fruit 
ripening can sometimes be either delayed or disrupted, the tolerance to high and low 
postharvest temperatures may be influenced by preharvest high temperatures 
of the crop. Cell wall degrading enzymes and ethylene production are frequently 
the most disrupted and are sometimes not produced or their appearance is delayed 
following heating. 

Eleven chapters are included in this book, which are: Application of Sensitive 
Trace Gas Detectors in Post-harvest Research; Radio Frequency Post-Harvest 
Quarantine and Phytosanitary Treatments to Control Insect Pest in Fruits and Nuts; 
Calcium, Polyamine and Gibberellin Treatments to Improve Postharvest Fruit 
Quality; Ionization of Fruits and Vegetables for Fresh Consumption - Effect on 
detoxication Enzymatic Systems and the Lipid Fraction', Treatments and Techniques 
to Minimise The Postharvest Fosses of Perishable Food Crops; Strategies for the 
Regulation of Postharvest Fruit Softening by Changing Cell Wall Enzyme Activity; 
Posthavest Treatment of Fruits; Postharvest Treatments of Satsuma mandarin {Citrus 
unshiu Marc.) For the Improvement of Storage Fife and Quality; Sprouting 
Radioinhibition: A Method to Extend the storage of Edible Garlic Bulbs; Postharvest 
Processing of Fruits and vegetables by Ionizing Radiation; Desinfestation of 
Fresh Horticultural commodities by Using Hot Forced Air With Controlled 
Atmospheres. 

This book covers various aspects of postharvest handling quality and the use 
of different treatments to reduce the incidence of diseases or physiological disor- 
ders affecting the quality maintenance of the food crops. Also described is the 
production, packaging, cooling, transportation, and marketing costs of crops. It is 
obvious that marketing positions are uncertain without a complex postharvest 

vii 
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network. The challenge facing industries is to produce food of good quality with 
few chemical inputs as public concern increases over food safety, environmental 
issues and chemical resistance. 

The editors wish to express their sincere gratitude to all authors for their valuable 
contributions. We are grateful to Kluwer Academic Publishers for giving us an oppor- 
tunity to compile this book. 
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1. INTRODUCTION: RELEVANCE OF TRACE GAS 
MONITORINGTO POST-HARVEST RESEARCH 

In human diet fruit are highly appreciated and form an important source of various 
essential elements like vitamins and minerals. Furthermore, most fruits only contain 
low amounts of fat, which is of great importance in a modern diet (Wilson et ah, 
1979). Extending the shelf life of fresh fruits to prolong its availability over the 
season and to diversify the diet requires storage under controlled conditions, i.e. 
at low temperatures often in combination with a modified gas atmosphere. In ancient 
times a modified gas atmosphere was achieved by applying ingenious techniques 
such as the application of fresh leaves and grass in sealed clay pots used for fruit 
transport. Addition of the leaves and grass generated an atmosphere containing 
low O 2 and high COj concentrations, thereby slowing down respiration and thus 
ripening (Peppelenbos, 1996 and references therein). 

In modern fruit storage facilities, the gas atmosphere is often actively altered 
by applying nitrogen generators or carbon dioxide scrubbers (Knee, 1991). In 
addition, other measures can be taken such as controlling the ethylene level in the 
storage room using ethylene converters (Reid, 1992). Ethylene is a gaseous plant 
hormone inducing ripening in some fruit at low gas concentrations (Abeles et ah, 
1992; Salveit, 1999). Typical gas conditions applied during storage of fruit are 
1-10% oxygen and 0-10% carbon dioxide (Beaudry, 1999). In order to suppress 
the crops’ respiration further application of even lower oxygen levels is currently 
exploited (Lau et ah, 1998). Under such low oxygen levels the crop can start to 
ferment thereby producing a number of fermentative compounds, such as acetalde- 
hyde and ethanol (Yearsley et ah, 1996). Eermentation can lead to the formation 
of off-flavours or odours (Eidler, 1951; Mattheis et ah, 1991), whereby acetaldehyde 
acts as a strong cell toxin (Perata et ah, 1991; Tadege et ah, 1999). Monitoring 
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the volatile concentrations of acetaldehyde and ethanol can thus reveal whether or 
not appropriate storage conditions are applied, i.e. if oxygen conditions are not 
too low (Schouten, 1995). Note that acetaldehyde and in lesser extent ethanol can 
also have beneficial effects on the produce as short-term anaerobic treatments on 
harvested fruit improved their aroma and quality (Pesis, 1995). Moreover, external 
application of acetaldehyde inhibits ripening in a great number of fruits (Beaulieu 
et ah, 1997) while ethanol can prevent scald in apples (Scott et ah, 1995). 

Other important volatiles released by horticultural crops include ethylene, a 
marker for ripening stage in certain fruits (Burg et al., 1962); nitric oxide, hypoth- 
esised to be a natural plant growth regulator (Leshem et ah, 1998); and ethane, an 
indicator for damage such as chilling injury (Kuo et ah, 1989). Monitoring release 
of volatile molecules can thus provide insight in biochemical and physiological 
processes of the crop in a non-invasive way. Volatiles may serve as marker for 
disorders or sub-optimal storage conditions. However, it must be stressed that 
these gases are often released in tiny amounts and hence long accumulation periods 
are needed to obtain concentrations that can be detected using standard techniques 
such as gas chromatography. During accumulation the levels of many compounds 
in- and outside the fruit change thereby possibly altering its metabolism (Monk et 
ah, 1987). Gas detectors based on the photoacoustic (PA) effect are much more 
sensitive and use of PA-detectors makes the accumulation process superfluous 
(Harren et ah, 1997). Over the past years this kind of detectors have been applied 
to study a wide range of biochemical and physiological processes in plants, fruits 
and seeds. These include dehydration response of germinating radicles (Leprince 
et ah, 2000), pollination (De Martinis et ah, 2002) and wilting of flowers as studied 
by monitoring the release of ethylene (Woltering et ah, 1988), bell peppers under 
anaerobic and post-anaerobic conditions (Zuckermann et ah, 1997), and simulta- 
neous detection of five gases in a fruit storage room using a mobile photoacoustic 
detector (Nagele et ah, 2000). Due to their fast time-response PA detectors are 
optimally suited to study on-line processes in which gas emissions are changing 
rapidly. In this study such detectors are applied to study the dynamics of trace gas 
emissions by fruits. 

The first application deals with release of ethylene by a variety of tropical fruits 
grown in Indonesia. Interest in most (sub-) tropical fruits has been scarce until 
recently when their economical potential and nutritional value was realised (Kader, 
1993; Burden, 1997). The successful introduction to the Western market of avoca- 
does, mangoes, papayas and fresh pineapples is now followed by a whole range 
of ‘new’ fruits. A survey shows the ethylene emissions of several tropical fruits, 
some of which are still unknown by the majority of the Western consumers. In 
the second application trace gas emissions by avocados are studied during exposure 
of the fruit to short anaerobic or low-oxygen treatments. Especially the emission 
of the very volatile molecule acetaldehyde is of interest since it provides an early 
indication for fermentation as compared to the less volatile ethanol (Zuckermann 
et ah, 1997; Oomens et al., 1998). Closely related to this topic is the third appli- 
cation, which shows the inhibitory effects of exogenously applied acetaldehyde or 
short anaerobic shocks on the ethylene emission by apples. 

Note that in some experiments compounds are released at relatively high rates 
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however the fast time response of the applied detectors - a unique feature of the 
detectors - is needed to follow the quickly changing release rates. 



2. EXPERIMENTAL ARRANGEMENT 

Trace gas emissions hy fruit were monitored using detectors based on photo- 
acoustic spectroscopy and infrared lasers. In these detectors a gaseous sample is 
illuminated by an infrared laser and the molecules become vibrationally and rota- 
tionally excited if the light frequency matches the absorption frequency of one of 
the constituents. Due to transfer of the ro-vibrational excitation energy into kinetic 
energy by gaseous collisions the gas experiences a temperature rise. Modulating 
the light intensity yields temperature fluctuations and hence pressure fluctuations 
(= acoustical waves) at the same modulation frequency. The pressure fluctuations 
are ideally recorded by a microphone. The intensity of the generated sound is pro- 
portional to the concentration of absorbing molecular gas and the laser light intensity. 
Therefore high power light sources such as lasers are required for sensitive trace gas 
detection. The gas sample from the fruit is flushed through a detection cell; this 
photoacoustic (PA) cell is shaped like an ‘organ tube’ to amplify the acoustical signal 
and to reduce interfering sounds from the surroundings. 

Two types of PA detectors were operated in the current study; one based on a 
CO laser using three PA cells and the other system utilizes a COj laser and is 
equipped with a single PA cell. Both systems will be briefly described, a more exten- 
sive description of these detectors can be found in (Oomens et ah, 1998; Persijn 
et ah, 2000) and (Woltering et ah, 1988; de Vries et al., 1996), respectively. 

Figure 1 shows the experimental arrangement for the CO laser-based detector. 
To enhance the infrared light intensity through the photoacoustic cell, it is placed 
within the laser cavity. This way an order of magnitude increased gas detection 
sensitivity is obtained (Harren et al., 1997). The CO laser itself can operate in 
two separate infrared wavelength regions. The wavelength region of 2.8-4 pm is 
suitable for detecting molecules with a C-H stretch vibration around 3 pm; e.g. 
methane, ethane, and pentane. The region of 5-8 pm is well suited for the detec- 
tion of e.g. ethanol, acetaldehyde and nitric oxide. Over both wavelength regions 
the laser generates 400 laser lines with a maximum laser power up to 30 Watt. To 
measure gases emitted from fruit the crop can be enclosed in a glass cuvette of 
various sizes (de Vries et al., 1996). A continuous gas flow through this cuvette 
(typical flow rate 2 litre per hour) carries released volatile compounds towards 
the detection cell. In between a liquid-nitrogen cooled trap reduces the concentra- 
tion of interfering compounds such as water vapour. Water vapour has a vibrational 
absorption band in the mid-infrared region and due to its high ambient concentra- 
tion (about 1-2%) it blocks spectroscopical information from other gases at low (part 
per million) concentrations. The temperatures of the liquid nitrogen cooled trap 
can be maintained constant, at -160 °C, -120 °C, and -60 °C. For the detection 
of ethanol and COj the -60 °C trap is used removing water vapour, while for 
detection of acetaldehyde the -120 °C trap is used suppressing amongst others 
ethanol concentration levels. From each of the temperature levels the gas flow enters 
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Grating 




Cold trap 



Figure 1. Schematic overview of the experimental set-up. A gas mixture of O 2 and Nj is made 
by using a set of electronic mass flow controllers. This carrier flow transports released volatile 
compounds to a cold trap that removes interfering compounds on basis of their vapour pressure (mainly 
HjO vapour). Subsequently, the gas flow enters one of the PA cells. The concentration of the 
different compounds is determined by measuring the PA signal on a set of laser lines. Individual laser 
lines are selected by rotating a grating. 



a separate photoacoustic cell. By recording the PA signal in each of these cells on 
a set of laser lines mnlti-component gas mixtures can be analysed. Depending on 
the kind and nnmber of componnds to be analysed the time to get a set concen- 
trations varies; approximately one minute per compound is reqnired. 

The experimental set-up for the CO2 laser based detector is very similar. This 
laser covers the 9-11 pm wavelength region where it shows laser action on 
80 laser lines with a maximnm laser power np to 100 Watt. This detector is espe- 
cially applied to monitor C2H4. Due to the very strong C2H4 absorption band a 
detection limit as low as 20 ppt (1 ppt = 1 part per trillion = 1:10") has been obtained 
for this gas. The cold trap of this system uses only a single trap at a temperature 
of about -150 °C. 

To show the high sensitivity of both detectors, extrapolated detection limits 
(signal-to-noise ratio is 1) are shown for several gases of biological interest (see 
Table 1). Interference by other compounds is supposed to be negligible (detection 
limits become worse when gas mixtures with a number of absorbing compounds 
are analysed). 
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Table 1. Extrapolated detection limits for various biologically interesting gases utilizing PA 
detectors based on CO 2 and CO lasers (1 ppb = 1:10’). 



Name 


Eormula 


Detection limit (ppb) 


Acetaldehyde 


CH3CHO 


0.3 


Ammonia 


NH3 


0.02 


Dimethyl sulphide 


S(CH3)2 


1 


Ethane 




0.5 


Ethanol 


C2H5OH 


3 


Ethylene 


C2H4 


0.02 


Methane 


CH4 


1 


Nitric oxide 


NO 


1 


Water vapour 


HjO 


30 



Experiments were performed on single fruits to prevent averaging out of indi- 
vidual fruit responses and therefore the results shown here do not represent the mean 
of many replicates but show the behaviour of a single piece of fruit. However, similar 
emission patterns were observed in other analysed fruits although individual 
responses may vary somewhat. 

2.1. Ethylene release by tropical fruits grown in Indonesia 

Ethylene is a naturally produced, gaseous plant growth regulator that has numerous 
effects on the growth, development and storage life of many fruits (Salveit, 1999). 
It exerts its effects at concentrations at the part per million level or even below. 
In climacteric fruit C2H4 promotes its own synthesis via a positive feedback mech- 
anism (i.e., autocatalytic C2H4 production). Here, a survey was made of the ethylene 
emission by a variety of tropical fruits grown in Indonesia. C2H4 emission was 
monitored with the CO2 laser-based PA detector. Single fruits were measured in a 
ripe condition and were suitable to be served as table fruits. In addition, the ethylene 
release by mangosteen (Garcinia mangostana) and avocado (Persea Americana) are 
discussed. 

Mangosteen has a thick, clear green cortex that changes to dark purple or red- 
purple during ripening. Enclosed by the rind are 4-8 edible white segments. The 
flavour is slightly acidic, but sweet (Nakasone et ah, 1998). Commercial produc- 
tion has been limited by slow growth, long juvenile periods of 10-15 years and short 
shelf life of fruit when mature (Wiebel et ah, 1992). Mangosteen is considered by 
many to be the most delicious of all tropical fruits. 

Avocado fruit is in such a way an unusual fruit that it does not require picking 
as soon as the fruit matures. Some cultivars can remain on the tree for more than 
six months after maturity (Salunkhe et al., 1984). The start of the respiratory peak 
coincides with a drastic loss of firmness due to cell wall degradation (Pesis et al., 
1978). 

Eigure 2 presents ethylene releases by mangosteen and avocado along with the 
ripening process. The ethylene emission of mangosteen shows a, 4 days, climac- 
teric peak with relative high pre- and post-climacteric ethylene release levels. Eor 
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Figure 2. Ethylene release by mangosteen fruit (■) and avocado fruit (O, cv. Fuerte), stored at room 
temperature. Both fruits show a climacteric peak but pre- and post-climacteric levels are very low for 
avocado in contrast to mangosteen. For avocado, ethylene release increases again two days after the 
climacteric peak as the fruit starts to deteriorate. 



avocado the ethylene release is during the pre-climacteric period up to 50-fold lower 
as compared to the 2 days lasting climacteric peak. 

Table 2 shows mean values of single fruit measurements in a period where no 
noticeable variation in ethylene emission was observed. The ethylene emission 
normalised by weight ranges over more than 3 orders of magnitude. Note that the 
presented data only serve to give an indication of the fruits’ ethylene emission 
since during ripening the ethylene emission is not constant but shows, especially 
for climacteric fruits, very large fluctuations (see Figure 2). 



3. ETHANOL AND ACETALDEHYDE RELEASE BY 
AVOCADO DURING ANAEROBIC AND LOW OXYGEN STORAGE 

The second application concentrates on the release of the fermentative metabo- 
lites acetaldehyde and ethanol by avocado stored under anaerobic conditions. 
Furthermore, the effect of the post-anaerobic (and post-hypoxic) addition of oxygen 
is presented. 

3.1. Time evolution of fermentation process for avocado kept under 
anaerobic conditions 

To study the fermentative behaviour of avocado the fruit was placed in a cuvette 
flushed by a gas flow of pure nitrogen. Under these conditions the fruits’ gas release 
of ethanol, acetaldehyde, and COj was recorded simultaneously (Figure 3) using 
the CO laser-based detector. 
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Table 2. Ethylene emission rates of a variety of tropical fruits found in Indonesia. Data are mean 
values of single fruit measurements in a period where no noticeable variation in ethylene emission 
was observed. 



Fruit name 


Scientific name 


Fresh 
weight (g) 


C2FI4 release 
(nl g-' h-') 


Banana (ambon) 


Musa paradisiacal 


150 


1 


Banana (raja) 


Musa paradisiacal 


175 


0.9 


Durian 


Durio zibethinus 


1700 


1 


Gayam 


Inocarpus fagiferus 


550 


0.8 


Keben 


Barringtonia asiatica 


440 


0.01 


Kepel 


Stelechocarpus burahol 


170 


0.01 


Kuweni 


Mangifera odorata 


560 


0.03 


Langsat 


Lansium domesicum 


13 


0.3 


Longan 


Euphoria longuna 


3.9 


0.2 


Melinjo 


Gnetum gnemon 


1.6 


0.1 


Mundu 


Garcinia dulcis 


95 


2 


Pace 


Marinda citrifolia 


110 


0.03 


Rambutan 


Nephelium lappaceura 


18 


0.02 


Salak 


Salacca edulis 


49 


0.06 


Sapodilla (kecik) 


Manilkara kauki 


51 


4 


Sapote (manila) 


Achras zapota 


16 


3 


Soursop 


Annona muricata 


300 


20 


Starfruit 


Averrhoa carambola 


62 


0.8 




Figure 3. At t = 1 hour an avocado was placed in the cuvette under anaerobic conditions. Acetaldehyde 
release becomes stable after about 10 hours under anaerobic conditions while the ethanol release increases 
linearly with time during the entire course of the experiment (linear fit: R = 0.9975, N = 157, P < 
0.0001). Similar emission patterns have been observed for numerous other fruit (see text). 
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Shortly after putting the fruit under anaerobic conditions acetaldehyde release 
increases followed by a levelling-off. After about 10 hours under anaerobic con- 
ditions the acetaldehyde emission rate becomes stationary. In contrast to this the 
ethanol release increases linearly over the entire time course of the experiment. 
The time evolution of acetaldehyde and ethanol release follows a pattern that is 
characteristic for a large number of fruit like bell pepper (Oomens et al., 1998; 
Imahori et al., 2000), salak (a tropical fruit, unpublished), and pear (Persijn et al., 
2000). Furthermore, a linear increasing ethanol evolution was observed in Brussel 
sprouts and Jonagold apples under anaerobic conditions for periods up to 15 and 
50 days, respectively (Schouten, 1995). Acetaldehyde is released at a very low 
rate indicating an efficient conversion of acetaldehyde to ethanol. This is in agree- 
ment with the observation made by Kader, and Ke & co-workers who showed that 
activity of alcohol dehydrogenase, the enzyme that reduces acetaldehyde to ethanol, 
is extremely high in avocado (Ke et al., 1995; Kader, 1995). CO2 is released at a 
much higher rate than ethanol, which might seem contrasting since the formation 
of ethanol in the fermentation process is normally presented by C^HijOs — > 2 CO2 
-I- 2 C2H5OH. However, ethanol is also converted to other substances such as ethyl 
acetate (Yearsley et al., 1996) while CO2 arises partly from other processes (Fidler, 
1951). 

3.2. Post-anaerobic and post-hypoxic addition of O 2 

Figure 4 shows the effect on the acetaldehyde emission by introducing a small 
amount of oxygen (1%) to the fruit. 

Addition of only 1% O2 results in a fast and high upsurge in acetaldehyde. 
Analyzing different avocado fruits, a 10 to 60-fold increase was found (average 
32 ± 15) due to post-anaerobic addition of O2, which is much higher than found 
in other fruits and plants. Bell pepper gave on average a 4-fold increase (Oomens 
et al., 1998) while apple (cv. Jonagold) and tobacco leaves only yielded a 2-fold 




Time (hours) 



Figure 4. Release of acetaldehyde by avocado fruit stored under anaerobic and post-anaerobic condi- 
tions. At the start of the measurement the fruit has been exposed to anaerobic conditions for one day. 
Post-anaerobic addition of 1% O 2 at time indicated by an arrow leads to a fast and high upsurge in 
the acetaldehyde release due to oxidation of accumulated ethanol. The release of ethanol remains constant 
during the entire experiment (result not shown). 
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increase (unpublished). Re-exposing the fruit to oxygen after a period of anaero- 
biosis causes a rise in acetaldehyde production due to a sudden oxidation of ethanol 
accumulated in the tissue, either by the peroxidative action of active oxygen species 
catalysed by catalase, or by the NAD'^-dependent reaction catalysed by alcohol dehy- 
drogenase (Zuckermann, 1997). Our observations suggest that the second pathway 
is probably dominant since a 40 to 80-fold higher ADH activity for avocado as 
compared to pear fruit has been found by Ke and co-workers, which agrees with 
the much higher post-anaerobic acetaldehyde upsurge in avocado (32 ± 15) as 
compared to the only two-fold increase observed in pear (unpublished) (Ke et al., 
1995). Ethanol release remained virtually unaffected after switching to 1% O 2 , 
since a large amount of ethanol has accumulated inside the bulky avocado fruit 
and in addition, many crops still form some ethanol under low O 2 levels (Yearsley 
et al., 1996; Oomens et al., 1998). 

We repeated the post-anaerobic experiments starting with low O 2 levels instead 
of anaerobic conditions. Figure 6 shows the acetaldehyde release by avocados stored 
at low (0.2 and 0.6%) O 2 concentrations, after which a 1.2% O 2 concentration was 
applied. 

After increasing the O 2 level an upsurge in acetaldehyde release was observed 
similar to when exposing the fruit to post- anaerobic conditions (Figure 4) although 
the relative increase is lower. In avocado fruit a large radial O 2 gradient exists, in 
particular along skin and flesh and in a lesser extent along the seed (Tucker et al., 
1985). This implies that although externally a low O 2 concentration was applied 
internally part of the tissue will be anoxic. Hence, switching to higher O 2 levels 
might change part of the tissue from anaerobic to hypoxic conditions yielding an 
upsurge in the release of acetaldehyde. This is in agreement with our observation 
that starting from a lower O 2 level (0.2%) results in a higher upsurge in acetalde- 
hyde than starting at a higher O 2 level (0.6%) since at 0.2% O 2 more tissue will 
be anoxic. Pesis et al. (1998) showed that exogenously applied acetaldehyde inhibits 
the activity of ACC-oxidase in avocado fruit and hence the here observed upsurge 
in acetaldehyde due to post-anaerobic or post-hypoxic addition of O 2 might inhibit 
ACC-oxidase activity and hence reduce ethylene release. 




Time (hours) 



Figure 5. At the start of the measurement avocados were already exposed to 0.2 (O) and 0.6% O 2 
(■) for 16 hours. At the time indicated by an arrow the O 2 level was increased to 1.2%. 
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4. INHIBITION OF ETHYLENE RELEASE IN APPLE 
(CV. JONAGOLD) USING EXOGENOUS APPLIED 
ACETALDEHYDE OR ANAEROBIC SHOCKS 

The last application deals with the inhibitory effects of acetaldehyde on the ethylene 
release hy apples (cv. Jonagold). Acetaldehyde is known to inhibit ripening in 
many fruits and it can be applied externally by exposing the fruit to acetaldehyde 
vapours or as an alternative generation of endogenous acetaldehyde (and ethanol) 
can be achieved by placing the fruit in an anaerobic environment thereby inducing 
alcoholic fermentation (Cossins et al., 1978). 

4.1. Release of acetaldehyde and ethanol hy apples exposed to anaerobic 
conditions 

Figure 6 shows the evolution of the acetaldehyde and ethanol emission as detected 
in the headspace above an apple exposed to anaerobic conditions. Initially the 
acetaldehyde release increases fast after which the acetaldehyde release levels off. 
In contrast, the ethanol concentration is seen to increase at a rather constant rate. 
This observation is in agreement with the work of Schouten (1995) who showed that 
ethanol release by Jonagold apples kept under Nj increased linearly for a period 
of at least 50 days. Furthermore, the release patterns of acetaldehyde and ethanol 
are similar to that of avocado (see Figure 3), however the absolute amount of 
acetaldehyde released by apples is much higher than in avocado, probably due to 
the much lower ADH activity in apple. Typical internal levels of these fermenta- 
tive metabolites may be estimated from the headspace concentrations and the 




Figure 6. At f = 1 h (as indicated by the arrow) a Jonagold apple was placed in a cuvette under 
anaerobic conditions. After a lag period of 1-2 hours, ethanol (□) release increases almost linearly 
with time, while the acetaldehyde (•) release levels off. 
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internal/external concentration ratio of around 300 as determined by Peppelenbos 
et al. (1997). 

4.2. Influence of N 2 -shock treatment on ethylene release 

From the results presented in Figure 6 it is clear that an apple stored under Nj 
produces acetaldehyde. The ethylene evolution as affected by such Nj treatments 
is shown in Figure 7 for a range of different anaerobic exposure times. An apple 
is cut into two equal parts and one of the parts is treated while the other acts as 
control. Before the treatment, ethylene release of the two parts is measured to be 
equal (not shown). Curves depicted in this figure represent the ratio of the C2H4- 
release rates of the two parts of the same apple after the treatment. In the first 
hour after the treatment, a burst in ethylene release is observed which is caused 
by rapid oxidation of accumulated ACC. However, a significant inhibition of 
ethylene release is found during the subsequent hours. A longer anaerobic treat- 
ment increases both magnitude and duration of the inhibitory effect. To validate 
the observations, C2H4-release by two untreated apple parts was compared, resulting 
in the expected ratio close to 1. By cutting the apple, ethylene is formed due to 
wounding (Abeles et al., 1992). To test if the wounding ethylene would interfere 
with our measurements we directly measured the amount of ethylene emission due 
to cutting using the trace gas detector. The inset in Figure 7 shows the wounding 
response after cutting the apple in two parts. Compared to the normal ethylene 
emission, the peak due to wounding amounts to approximately 25%. The effects 




Figure 7. Evolution of C 2 H 4 -emission of 4 apples exposed to an anaerobic atmosphere for different 
time intervals: (•) = 5 h, (A) = 10 h, (V) = 20 h, or (♦) = 40 h. Curves are obtained by dividing 
the emission rates of a treated part and an untreated part of the same apple. For verification purposes, 
the 0 h treatment curve (□) compares two untreated parts of which the ratio is almost constant and 
close to one. The inset shows the wounding response after cutting a Jonagold apple in two parts 
(apple was cut at time indicated by an arrow). 
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of wounding vanish after approximately 2 h. These observations warrant that 
ethylene release dne to wonnding does not affect the measurements on cut apples 
as presented here. 

4.3. Influence of external acetaldehyde application on ethylene release 

In order to observe the ethylene response to acetaldehyde exposure directly, one half 
of an apple was placed in a cuvette and the flow was switched from air to air con- 
taining 0.4% acetaldehyde (see Fignre 8). To clearly observe the effect, the other 
half of the apple was kept under air during the entire experiment. A strong response 
to acetaldehyde exposure occurs within one hour. The ethylene release drops by 
more than 50% during the 8-h treatment. After restoring the normal flow of air, a 
recovery of the ethylene release was observed, until it reached approximately the 
level of the control sample after 2-3 days. 

Note that in this experiment we used apples that were cut in half. Fumigation 
experiments of whole apples were much less successful to inhibit the ethylene 
emission, only application of high acetaldehyde concentrations (>2%) showed a 
clear inhibitory effect (data not shown). Our observations are in qualitative agree- 
ment with observations of Rajapakse et al. (1990), who found high skin diffusion 
resistances for Cox’s Orange Pippin and Braeburn apples. Also in mango lack of 
penetration into the tissue was the reason why externally applied acetaldehyde did 
not influence frnit ripening in contrast to anaerobic exposure (Burdon et al., 1994, 
1996). 




Figure 8. Measurement of C 2 H 4 -release before, during, and after acetaldehyde treatment of apple 
fruit. One of two pieces of the same apple is fumigated with 0.4% acetaldehyde from 20 to 27 hours 
(•) while the other part is non-treated (O). Inhibition of the C 2 H 4 -production is observed almost 
instantaneously and lasts for the next 2-3 days. 
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5. CONCLUSIONS AND OUTLOOK 

The first application with the laser-based detector presented here shows the ethylene 
emission data for a variety of tropical fruits grown in Indonesia. Due to its high 
sensitivity for ethylene the PA detector allows to obtain - in a non-intrusive way 
- an early indication for ripening of climacteric fruits. 

Release of the fermentative metabolites acetaldehyde and ethanol by avocados 
during exposure of the fruit to short anaerobic or low-oxygen treatments was studied 
in the second application. Fermentation is normally studied by monitoring the release 
of only ethanol but our study shows that the emission of its precursor acetalde- 
hyde is of at least equal interest. This molecule provides an early indication for 
fermentation as compared to the less volatile ethanol molecule. Furthermore, post- 
anaerobic addition of O 2 results in a dramatic and very fast increase in acetaldehyde 
due to oxidation of accumulated ethanol. The dynamic behaviour of the acetalde- 
hyde emission could only be unravelled due to the fast time-response and high 
sensitivity of the PA detector. Increased production of acetaldehyde after restoring 
aerobic conditions might be partly responsible for the inhibitory effects of anaer- 
obic treatments on ethylene release as discussed in the third application. 

In this third and last application a strong inhibitory effect of acetaldehyde and 
anaerobic shocks on ethylene release by apples were found. For the first time, the 
dynamics of ethylene evolution could be studied in detail during and after the 
acetaldehyde treatment of a single piece of fruit due to the high time resolution of 
the detector. The results presented here show that a short (around 20 h) anaerobic 
treatment leads to a significant inhibition of the C 2 H 4 -production of apple fruit for 
at least 24 h. This method was found to be more effective than exogenous appli- 
cation of acetaldehyde at acceptable concentrations. The diffusion barrier of the apple 
peel and differences in the ratio of ethanol and acetaldehyde concentrations may 
well account for this observation. 

5.1. Perspective of trace gas analysis in fruit storage systems 

The trace gas detectors as used in this study combine a high sensitivity and fast 
time response that is necessary to study the normally low trace gas emissions by 
fruit. However, a severe drawback for application of such detectors in real fruit 
storage systems is their large size and high (operation) costs, which are mainly deter- 
mined by the operated light source, i.e., CO 2 and CO lasers. Recently, novel solid 
state based infrared laser sources have been developed such as Optical Parametric 
Oscillators (van Herpen et ah, 2002) and Quantum Cascade lasers (Paldus et ah, 
1999). Both lasers generate the necessary infrared tuneable laser light at reason- 
able high output power. It is expected that in the next few years these light sources 
will be further developed combining higher output powers with increasing tuning 
range in the infrared. As such, compact and highly sensitive trace gas detectors 
become available for a wide range of trace gases. They will become suitable for 
applications in crop storage systems, in particular for incorporation in so-called 
dynamic controlled systems (DCS). Such a system has an active control loop in 
which it reacts on changing trace volatiles released by the crop (Schouten, 1995; 
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Schouten et al., 1997). For example, detection of high emission of ethanol by 
crops indicates that the O 2 level in the storage room is too low and should be 
increased in order to lower the fermentation rate. Further progress in fruit storage 
is anticipated if such a DCS system based on compact and sensitive detectors is 
applied. 
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1. INTRODUCTION 

1. 1. Importance of postharvest insect pest control in fruits and nuts 

Many fresh agricultural commodities serve as hosts for insects that are categorised 
as quarantine pests because of their threat to local agriculture. These insects can 
be found either on the surface or in the interior of harvested commodities. Because 
infested commodities are often not easily detectable by external inspection, regu- 
latory agencies in many countries have established phytosanitary quarantine protocols 
intended to prevent the introduction of exotic pests. Quarantine protocols may 
include pre-harvest treatments and postharvest measures using commodity 
treatments. In the absence of effective pre- or post-harvest techniques to meet 
quarantine security, the presence of a restricted insect pest in a growing region 
presents a major non-tariff barrier to international and domestic trades (USEPA, 
2001 ). 

Tree fruits and nuts are major commodities for foreign and domestic markets 
in the United States. About 70% of fresh apples, 95% of winter pears, and 70% 
of sweet cherries are produced in the Pacific Northwest of the USA in 1997. Exports 
accounted for about 30% market for the Pacific Northwest apple, 35% for the winter 
pear, and 32% for the sweet cherry (USDA, 1999). The value of these commodi- 
ties increased from $850 million in 1980 to $1.6 billion in 1997, with an increase 
of more than 88%. In addition, the state of Washington contributes 90 to 95% of 
the fresh apples exported by the US. Japan and South Korea require that the imported 
commodities should be free from codling moth. 

Over 970,000 tons of grapefruit were produced in Texas for the fresh market 
during the 1995-1996 crop year with an estimated value of over $95 million in 
on-the-tree value. Citrus shipments destined for other citrus producing states in 
the US, e.g. California, Arizona, and Elorida, as well as for export markets including 
Japan and other Pacific Rim countries, require quarantine treatments against fruit 
flies. Potential quarantine treatments include establishment of fly free production 
methods, such as fumigation of fruits with methyl bromide (MeBr), cold storage, 
and hot forced air (Mangan et ah, 1998). 

California produced about half of the US production of fruits and tree nuts, 
providing nearly 39 million tons of commodities in 1997. The value of almonds, 
walnuts, dates, figs, pistachios, prunes, and raisins in 1997 was more than $2.5 
billion. Most tree nuts are hosts of codling moth, Indianmeal moth and navel orange- 
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worm, and quarantine treatments are required before these products may be sold 
in Japanese and South Korean markets. Other markets such as in Australia and 
Europe may require phytosanitary treatments to insure clean product before shipment. 
Dried fruit and tree nut processors must disinfest incoming product of field insects, 
as well as disinfest product reinfested during storage. Postharvest insect control 
and quarantine treatments currently rely heavily on chemical fumigants for these 
treatments. Major tree fruits and nuts that will be directly or indirectly addressed 
by this Chapter are listed in Table 1. 

1.2. Current postharvest treatments and major disadvantages 

1.2.1. Chemical fumigation 

1.2. 1.1. Methyl bromide 

MeBr has played an important role on a global basis in controlling insect pests 
and bacteria in agriculture commodities, in soil and in structure. Commodities that 
use this material as part of a post-harvest pest control regime include grains, nuts, 



Table 1. U.S. production, value and export levels for major fresh and dried fruit and tree nuts for 
1997 (USDA, 1999). 



Product 


Production 
(metric tons) 


Value 

($1000) 


Exports 
(metric tons) 


Insect pests of 
Phytosanitary 
concerns for 
domestic and 
foreign markets 


Fresh Fruits 


Apples 


5,244,490 


1,575,403 


666,857 


Codling moth 


Cherries 


378,176 


323,422 


39,400 


Codling moth 


Grapefruit 


2,806,294 


282,775 


484,403 


Mexican fruit fly 


Oranges 


11,736,680 


1,834,089 


590,428 


Mexican fruit fly 


Peaches 


1,333,297 


444,137 


103,345 




Pears 


1,059,180 


287,822 


141,152 




Dried Fruits 


Prunes 


217,424 


163,590 


67,535 




Raisins 


2,220,976 


582,234 


115,016 




Figs 


18,796 


15,209 


2,027 




Dates 


21,336 


23,100 


NA 




Tree Nuts 


Almonds 


385,572 


1,160,640 


162,629 


Navel orangeworms, 
Indian mealmoths 


Pecans 


340,360 


259,220 


9,819 




Pistachios 


91,440 


203,400 


NA 




Walnuts 


273,304 


384,670 


46,811 


Codling moth. 

Navel orangeworms, 
Indianmeal moths 
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fresh and dried fruits, forestry products, and imported materials. Some commodi- 
ties are treated multiple times during both storage and shipment. Commodities 
may be treated with MeBr as part of a quarantine or phytosanitary requirement of 
an importing country. In the US, about 21,000 tons of MeBr are used annually in 
agriculture, primarily for soil fumigation (85%), as well as for commodity and quar- 
antine treatment (10%), and structural fumigation (5%). Globally, about 72,000 
tons are used each year, with North American using the highest (38%), followed 
by Europe (28%), Asia (22% - includes Israel and the Mid-East), with South 
America and Africa combined using the least (12%) (USEPA, 2001). 

MeBr gas is injected into a chamber or under a tarp containing the commodi- 
ties when used as commodity fumigation. After treatments, up to 95% of the MeBr 
eventually enters the atmosphere. MeBr was, however, listed as an ozone depleting 
substance in 1992 at the 4th Meeting of the Parties to the Montreal Protocol on 
substances that deplete the ozone layer. The Ozone Depletion Potential (ODP) for 
MeBr was estimated to be 0.6 (with a range of 0.3 to 0.9) in 1994. Developed 
countries were required to freeze production and importation of MeBr in 1994 at 
the 1991 levels and to reduce the use by 25% in 1999, 50% in 2001, 70% in 2003, 
and 100% in 2005. Developing countries are required to freeze consumption and 
production of MeBr by 2002, reducing it by 20% in 2005 and phasing it out by 2015. 
Exemptions exist for postharvest quarantine treatments under both the US Clean Air 
Act and the Montreal Protocol. However, the price of MeBr in West Coast of the 
US increases steadily from 1995 to 2001 (Eigure 1). The sale price for MeBr in 2001 
is almost 4 times that in 1995. 




Figure 1. Changes in prices (costVkg) of methyl bromide in West Coast of USA (USEPA, 2001). 
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MeBr is a toxic material, and affects both target pests and non-target organ- 
isms. Because MeBr dissipates rapidly into the atmosphere, it is dangerous at the 
fumigation site. Human exposure to high concentrations of MeBr can result in central 
nervous system and respiratory system failure, as well as specific and severe dele- 
terious actions on the lungs, eyes, and skin. The State of California is considering 
restricting the use of MeBr near residences and schools. 

1.2. 1.2. Phosphine 

Phosphine (hydrogen phosphide gas) is the most likely alternative for post-harvest 
use on insect control during storage of dried fruits and nuts. Because phosphine is 
normally generated through exposure of pellets of either aluminium or magnesium 
phosphide to warm, moist air, application of the gas to bulk commodities under cover 
is a common practice. Generation of the gas requires adequate heat and humidity, 
and so the use of phosphine is limited to cold, dry condition because phosphine 
can corrode copper, gold and silver at high temperatures and high humidity, and 
can seriously damage electrical equipment. Successful solid phosphine fumigation 
of fruit, including tomatoes, oranges and grapefruits infested with Oriental, 
Mediterranean, Queensland and Caribbean fruit flies, has been reported (Seo et 
ah, 1979; Hatton et ah, 1982; Muhunthan et ah, 1997; Williams and Muhunthan, 
1998; Williams et ah, 2000). Fumigation with phosphine requires longer expo- 
sures than with MeBr, usually 2 or more days are needed to ensure insect kill, 
making phosphine not suitable for applications where a quick treatment is required. 
This time lag may curtail marketing opportunities such as shipping walnuts in 
time for the European holiday market. However, with the impending restrictions 
of MeBr use, many nut and dried fruit processors in California are substituting 
the fumigant phosphine for postharvest commodity treatments wherever possible. 
In general, the cost of using the phosphine treatment is slightly higher than using 
MeBr because more equipment, labour, and technical expertise are required. Some 
processors use phosphine at suboptimal rates, which may result in increased resis- 
tance in pest population (Zettler et ah, 1989). Phosphine is also a toxic gas and a 
potential carcinogen. Potential symptoms of phosphine overexposure to human being 
are nausea, vomiting, abdominal pain and diarrhea, thirst, chest pressure, 
dyspnea, muscle pain, chills, and stupor or syncope. Phosphine is scheduled for 
review under the Food Quality Protection Act in the near future, and its future is 
uncertain. 

1.2. 1.3. Other fumigants 

Three potential, alternative fumigants for insect control are carbonyl sulfide, methyl 
iodide and sulfuryl fluoride. Carbonyl sulfide is relatively effective against many 
insects in stored products. Carbonyl sulfide is not currently registered in the United 
States for use on human food, its fumigation time may be longer than that of 
MeBr, and might cause slight off-flavours in food. There also might be regulatory 
concerns because it is considered to be an important precursor to stratospheric 
aerosols, which may have an effect on global warming. Methyl iodide is also not 
registered in the United States. Although it is quite effective against insects in stored 
products, it is listed as a carcinogen, and thus registration might be difficult. Sulfuryl 
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fluoride was developed as a structural fumigant and is not currently registered for 
food uses. It is effective against nearly all stages of most insects in stored products, 
but far less effective against the egg stage, which will severely limit its utility as 
a replacement fumigant for stored nuts. 

In order to secure markets, effective quarantine treatment alternatives are required. 
The development of resistance to insecticides and implementation of the Food 
Quality Protection Act will limit availability of some of the widely used chemical 
insecticides in the near future (Anon., 1995). In addition, with world-wide interest 
in reduced pesticide use and uncertain future for other chemical fumigants, there 
is an urgent need to develop non-chemical quarantine treatment alternatives for inter- 
national and intrastate trades. 

1.2.2. Ionising radiation 

Irradiation has been investigated extensively as an alternative to MeBr for 
the post-harvest control of insect pests. The U.S. Food and Drug Administration 
(FDA) have recently approved irradiation treatments for a variety of food applica- 
tions, especially for meat products. The United States Department of Agriculture 
(USDA)/Animal and Plant Health Inspection Service (APHIS)/Plant Protection 
and Quarantine Service (PPQ) has outlined policy positions regarding the devel- 
opment and use of irradiation treatments for quarantine pest control. Irradiation may 
be useful for preventing the movement of quarantine species possibly present in 
trade commodities into areas where such pests are not established. In addition, 
irradiation can delay ripening of some tropical fruits, resulting in an extended 
shelf life for many foods. In turn, longer shelf lives will enhance trade opportuni- 
ties between nations by extending time constraints under which fresh produce must 
be delivered to more distant geographic markets or by allowing the use of slower 
and less expensive modes of transportation (Kader, 1986; Moy, 1991). 

Irradiation treatment is a process to expose infested commodities to ionising radi- 
ation so as to sterilise, kill, or prevent emergence of insect pests by damaging 
their DNA. This method includes three types of ionising radiation to be used on 
foods: gamma rays from radioactive cobalt-60 or cesium- 137, high-energy electron 
beam ((3 particles), and x-rays. The gamma ray treatment is the most commonly 
used method in postharvest pest control because of the ability of gamma ray 
penetrating pallet loads of food (Morrison, 1989). 

Appropriate irradiation dose is required to kill insect pests in commodities and 
is measured in gray (Gy), which is the energy absorbed in material (Jkg“^). Some 
researches showed that irradiation levels as low as 300 Gy are effective in controlling 
plum curculio, blueberry maggot, cherry fruit flies and codling moths, without 
altering overall fruit quality (Drake et ah, 1994, Hallman and Miller, 1994; Johnson 
and Vail, 1987, 1988). Because these doses do not cause immediate kill of treated 
insects, a particular concern for radiation treatments is the possibility of inspec- 
tors or consumers finding live insects in treated product. The minimum absorbed 
doses suggested by USDA-APHIS for quarantine security of fruit flies vary from 
150 to 250 Gy (APHIS, 1996). But Burditt (1994) and Morris and Jessup (1994) 
reported that the fruit could suffer different degree of damage when exposed to those 
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doses. For example, mangoes and citrus suffer unacceptable levels of damage at 
250 Gy (Hallman, 1999). 

Though research has been conducted to determine optimal irradiation dosages for 
controlling pests and maintaining produce quality, irradiation treatment will remain 
an expensive. For example, the substantial initial investment per site costs ranging 
from $1 million to $3 million or more, to establish irradiation facilities, including 
a radiation shield control system and other auxiliary equipment. Such an invest- 
ment requires continuous operation of the facility to remain economically feasible, 
but the seasonal nature of commodity treatments prevents efficient use of facili- 
ties. Irradiation has been studied as a quarantine treatment for insect control for more 
than 40 years, but it has rarely been used for fruit across quarantine barriers 
(Hallman, 1999). 

1.2.3. Controlled atmosphere treatments 

Controlled atmospheres (CA) have been used for many years to extend commodity 
shelf-life and for the control of stored product insects in grains (De Lima, 1990) 
and nut crops (Fleurat-Lessard, 1990). Research has demonstrated its efficacy in 
insect control in fresh commodities (Mitcham et al., 1997). In general, O 2 concen- 
trations must be below 1% and CO 2 concentrations must be above 20% for insect 
control depending on the temperature (Zhou et al., 2000). These atmospheres are 
generally outside the optimum range for storage or transport of fresh fruits and 
vegetables, and often induce stress in those commodities. In fact, product toler- 
ance is a major limiting factor in the development of effective CA treatments for 
insect control. There has been considerable research in this area (Mitcham et al., 
2001), but up to now there are no approved CA quarantine treatments. 

CA treatments are generally more effective at higher temperatures such as 45 
and 47 °C (Neven and Mitcham, 1996; Neven et al., 1996; Shellie et al., 1997), 
but some commodities do not tolerate the needed exposure to those temperatures. 
Use of CA at temperatures of 5 °C or lower generally requires a long exposure to 
achieve a complete insect mortality. For example, Johnson et al. (1998) used a 2- 
day purge time followed by a 6 day exposure to 0.5% O 2 to disinfest walnuts of navel 
orangeworm at 10 °C. These long treatment times may not be acceptable for some 
markets. To be able to certify and ship the quantities needed for the vital European 
market, optimal treatment time should be 24 hour. However, low temperature CA 
could be applied during marine transit. A 13 day treatment with 45% CO 2 (11.5% 
O 2 ) at 2 °C or lower has been developed for control of Pacific spider mites, western 
flower thrips and omnivorous leaf rollers on table grapes (Mitcham et al., 1997). 
While table grapes tolerate this treatment, many fresh commodities would not tolerate 
exposure to CA for this length of time, even at low temperatures. 

In an effort to reduce adverse effects of CA on product quality and to develop 
effective CA treatments for effective use, sequential CA treatments are developed 
recently. The sequential treatments include a short (0.5 to 3 d) shock treatment at 
an extreme atmosphere up to 95% CO 2 followed by a longer (12 to 18 d) exposure 
to a mild atmosphere. The short shock treatment and mild follow-up treatment 
have been demonstrated to have synergistic effects on the mortality of CA-resis- 
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tant Pacific spider mites (Zhou and Mitcham, 1998). It appears that the physiological 
damage to arthropods caused by the shock treatment cannot be repaired when a long- 
term mild treatment or very low temperature follows the shock treatment. 

1.2.4. Cold Treatments 

Chilled aeration has been used as a means to slow the development of insect pest 
populations within stored grains and may effectively disinfest the product when given 
sufficient exposure times (Maier, 1994). Cold storage treatments have also been 
developed for quarantine purposes against exotic fruit flies and other insects (Gould, 
1994). Cold treatments may take several weeks to be effective, and thus work best 
when incorporated into existing storage or shipping regimes. Cold storage has 
been combined with other treatments, and is an important component in existing 
quarantine treatments for codling moth on apple (Moffit and Burditt, 1989). While 
effective in some situations, its use is limited because of the lengthy treatment 
times required to kill insects, and the high costs associated with building and main- 
taining refrigerated storage. 

Cold storage is the only commodity treatment used commercially in Israel to 
disinfest citrus. Japan and the United States require citrus fruit be stored for up 
to 16 days at 0 to 2 °C to disinfest citrus fruit of fruit flies. Orange, grapefruit, 
oroblanco and pummelo have been approved for entry into Japan after storage for 
14 to 16 days at 1.5 °C. The USA has specified that citrus harvested from regions 
infested with the Mediterranean fruit fly follow treatment schedule T107 of the 
USDA- APHIS PPQ Treatment Manual (exposure to 0, 0.6, 1.1, 1.7 and 2.2 °C 
for 10, 11, 12, 14 and 16 days respectively). Cold-treatment has several dis- 
advantages: 

1. The safety margin of cold storage between fruit quality and insect control is 
narrow (Schiffman-Nadel et al., 1972, 1975). The ‘yellow skin’ varieties such 
as lemons, grapefruit, Oroblanco and Pummelo, are especially sensitive to cold 
treatment, and develop skin pitting termed ‘chilling injury’. Coating the fruit with 
thiabendazole (TBZ) can alleviate but not prevent it completely. 

2. The treatment period is long (minimum 10 days) in which the specified tem- 
perature has to be strictly maintained. The accurate temperature control is not 
an easy task and can not be always guaranteed during the long period. Any 
deviation from the upper limit (even fractions of degrees) will cause the treat- 
ment to be rejected. 

3. Cold-treatment is expensive because it requires the construction of special storage 
chambers, accurate control system of low temperatures for relatively long periods 
and high energy consumption. The time needed for the completion of the treat- 
ment results in ‘older’ fruit being introduced into the market. 

1.2.5. Conventional thermal treatments 

The USDA Animal and Plant Health Inspection Service (APHIS) approved the 
use of heat on harvested commodities as a quarantine treatment in the 1930s. Heat 
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treatments fell out of favour in the 1950s when chemical fumigants, such as ethylene 
dibromide, and later MeBr became available. Due to the uncertain future of chemical 
fumigation and public concern over residues in treated products, there has been a 
renewed interest in developing effective thermal treatments. 

Thermal treatment methods using hot water, vapour or hot air have been inves- 
tigated extensively as alternatives to MeBr fumigation for fruit and nut disinfestation 
(Sharp et ah, 1991; Yokoyama et ah, 1991; Moffit et ah, 1992; Neven, 1994; 
Neven and Rehfield, 1995; Neven et ah, 1996; Heather et al., 1997; Manan et ah, 
1998; Follett and Sanxter, 2001). Varying degrees of efficacy have been reported 
using different thermal treatments alone or in combination with cold or CA storage 
conditions (Toba and Moffitt, 1991; Neven and Mitcham, 1996; Soderstrom et al., 
1996; Shellie et al., 1997; Mbata and Phillips, 2001). Since insects may stay in 
the centre of commodities, the thermal energy must be delivered to that location. 
Conventional heating involves convective heat transfer from the heating medium 
(e.g., heated air or water) to the commodity surface and then conductive heat transfer 
from the surface to the product interior. A common difficulty with hot air or water 
heating methods is the slow rate of heat transfer within commodities due to relative 
low thermal conductivity of agricultural commodities, which results in hours of treat- 
ment time (Hansen, 1992). Generally thermal energy delivered to the interior of 
the fruits is significantly influenced by fruit size, heating medium temperature and 
heating methods. Reported heating times for product centre temperatures to reach 
the required maximum temperatures (about 50 °C) range from 23 min for cherries 
to 6 h for apples (Table 2). 

In general, external and internal damage caused by heat over long exposure 
times includes peel browning, pitting, poor colour development and abnormal soft- 
ening (Lurie, 1998). Visible heat damage is reported in grapefruit exposed to forced 
vapour at 46 °C for 3.75 h (Hallman et al., 1990) and in mango exposed to CA at 
more than 45 °C for 160 min (Orteya-Zaleta and Yahia, 2000). Flavour and appear- 
ance of air heated grapefruits at 46 °C for 3 h with CA are inferior to those of 
non-heated fruits (Shellie et al., 1997). Surface browning of avocados is observed 
when heated with hot air at 43 °C for 3.5 h (Kerbel et al., 1987). Skin browning 
and internal breakdown are observed in apples exposed to hot water treatment at 
46 °C for 45 min (Smith and Lay-Yee, 2000). It is, therefore, highly desirable 
to develop effective means to rapidly deliver thermal energy to the interior of a 
commodity to kill insect pests while minimising adverse effects on commodity 
quality. 

1.2.6. Radio frequency and microwave heating possible effective means in heat 
treatments 

Radio frequency (RF) and microwave energies directly interact with commodities’ 
interior to quickly raise the centre temperature. This may solve the problem resulting 
from slow and non-uniform heating with conventional methods. Such treatments are 
compatible with the high-temperature- short-time (HTST) processing concept, which 
is extensively used in the food processing industry to minimise thermal degrada- 
tion of processed foods. HTST processes are used in commercial pasteurisation 




Radio Frequency Post-Harvest Quarantine 



25 



Table 2. Heating characteristics in commodities during thermal treatments (Wang et al., 2001h). 



Medium 

Temp. 

(°C) 


Heating 

methods 


Product 


Heating 

medium 

speed 

(m/s) 


Max. 

center 

temp. 

(°C) 


Time to 
reach the 
max. center 
temp, (min) 


Sources 


40 


Hot air 


Apple 


1 


40 


360 


Whiting et al. 


44 


Hot air 


Apple 


2 


42 


97 


(1999) 


45 


Hot air 


Tan- 


2 


45 


115 


Neven et al. (1996) 


45 


Hot air 


gerine 


2 


44 


23 


Shellie et al. (1993) 


46 


Hot air 


Cherry 


2 


46 


145 


Neven and Mitcham 


48 


Hot 


Orange 


2 


48 


140 


(1996) 


48 


water 


Small 


2 


48 


220 


Mangan et al. 


48 


Hot 


Potato 


2 


48 


155 


(1998) 


48 


water 


Large 


2 


48 


300 


Hansen (1992) 


50 


Hot 


Potato 


2 


48 


150 


Hansen (1992) 


52 


water 


Grape- 


2.5 


39 


75 


Hansen (1992) 


53 


Hot air 


fruit 


1 


48 


40 


Shellie and Mangan 


- 


Hot air 


Grape- 


- 


53 


3 


(1996) 


- 


Hot air 


fruit 


- 


50 


2 


Mangan and Ingle 




Hot air 


Mango 








(1992) 




RF 


Mango 








Sharp et al. (1991) 




RF 


Walnut 








Wang et al. (2001a) 






Walnut 








Wang et al. (2001a) 






Cherry 








Ikediala et al. (2002) 



and sterilisation to kill or rednce pathogenic micro-organisms in foods and results 
in better quality retention (Lund, 1977; Ohlsson, 1980). Yokoyama et al. (1991) also 
mentioned the need for short exposure periods if thermal treatments are to be 
incorporated to handle large quantities of product in packing houses. 

Since the congested bands of RF and microwave have already been used for com- 
munication purposes, the US Federal Communications Commissions (FCC) allocate 
five frequencies for industry, scientific and medical (ISM) applications. These fre- 
quencies are: 13.56 MHz, 27.12 MHz and 40.68 MHz for RF, 915 MHz and 2450 
MHz for microwaves. Researchers have explored the feasibility of using electro- 
magnetic energies to disinfest insect pests. Two studies in Japan demonstrated that 
100% of tobacco moth larvae and cigarette beetles were killed when heated by 2,450 
MHz microwaves to 55 °C for 30 seconds (Hirose et al., 1970a, b). Andreuccetti 
et al. (1994) demonstrated the possibility of using 2,450 MHz microwaves to com- 
pletely kill woodworms by heating the larvae to 52-53 °C for less than 3 minutes. 
Hallman and Sharp (1994) reviewed research on the application of RF and 
microwave treatments to control selected pests in many food crops and recommended 
exploration of the synergistic effects of RF and conventional heating methods. Nelson 
(1996) summarised more than five decades of research on the susceptibility of 
various stored grain insect species to RF and microwave treatments and reiterated 
that RF frequencies between 10 and 100 MHz should preferentially heat insects 
in grains. Early research efforts using RF and microwave energy for insect control 
are, however, hindered by availability and acceptance of comparatively inexpen- 




26 



S. Wang and J. Tang 



sive chemical fumigants. Nelson (1972) appropriately stated that ‘the potential for 
application of electromagnetic energy to insect control problems hinged on eco- 
nomical factors and continued acceptability of current practical methods.’ The cost 
of RF and microwave equipment has since decreased to a level comparable to 
conventional heating equipment, and the need for alternatives to chemical fnmiga- 
tion becomes urgent. 

Table 3 presents some of the reported RF and MW treatments to control insect 
pests in different commodities. Higher temperature is used for stored grain than 
for fruits. The product quality after RF and microwave treatments is rarely examined. 
More recently, Ikediala et al. (1999) and Wang et al. (2001a) reported that microwave 
and RF treatments might have particular advantages over conventional heating 
methods in treating cherries and walnuts, because the desired level of insect mor- 
tality was achieved without quality losses. 

1.2. 6.1. Principles of RF and microwave heating 

Dielectric materials, such as most agricultural products, can store part of electric 
energy and convert the other part into heat in an electromagnetic field created by 
a RF or microwave system. The increase in temperatnre of a material as a resnlt 
of the absorbed electromagnetic energy can be expressed by (Nelson, 1996): 

AT „ , 

pC„ = 5.563 X 10-“ fEh" (1) 

At 

where is the specific heat of the material (J.kg-^°C"'), p is the density of the 
material (kg.m"^), E is the electric field intensity (V.m"'), / is the frequency (Hz), 
e" is the dielectric loss factor of the material. At is the time duration (s) and AT is 
the temperatnre rise in the material (°C). From Eq. (1), the raise in temperature 



Table 3. Reported radio frequency and microwave heat treatments for different products and insects 
at various end temperatures (Wang and Tang, 2001). 



Frequency, 

MHz 


Final 

Temp.,°C 


Commodity, 
Insect pests 


Quality 

evaluation 


Sources 


27 


56 


Wheat, Weevil 


No 


Anglade et al. (1979) 




53 


Walnut, Codling moth 


Yes 


Wang et al. (2001a) 




55 


Walnut, Navel 


Yes 


Wang et al. (2002c) 


40 


80 


orangeworm 


No 


Nelson and Payne 


915 


55 


Pecan, Weevil 


Yes 


(1982) 


2450 


45 


Cherry, Codling moth 


No 


Ikediala et al. (1999) 




50 


Papaya, D. dorsalis 


Yes 


Hayes et al. (1984) 




57 


Fruit, Fruit fly 


No 


Sharp et al. (1999) 




80 


Wood, Woodworm 


No 


Andreuccetti et al. 


12000-55000 


43-61 


Cereal, Weevil 
Wheat, Weevil 


No 


(1994) 

Shayesteh and 
Barthakur (1996) 
Halverson et al. (1996) 
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depends on the power, frequency, heating time and the material’s dielectric loss factor 
e". The dielectric loss factor e" of insect pests at the RF frequencies is generally 
larger than host commodities, which may lead to preferential heating of insects 
(Nelson, 1996; Ikediala et al., 2000a). Our research demonstrated excellent capa- 
bility of RF energy in control of codling moths and navel orangeworm larvae in 
walnuts and cherries without causing loss of commodity quality (Ikediala et al., 
1999; Wang et al., 2001a, b). 

1.2. 6 . 2. Advantage of RF and microwave heating in thermal treatments of 
selected commodities 

RF and microwave treatments have particular advantages over conventional hot 
air heating in treating walnuts in shells. In conventional hot air heating, the shell 
and the air spaces in the shell act as layers of insulation and reduce heat transfer. 
The small thermal conductivity of the porous walnut shell and the in-shell void hinder 
the transfer of thermal energy from the hot air outside of the walnut shell. On the 
other hand, electromagnetic energy directly interacts with the kernel inside the 
shell to generate heat. Figure 2 shows typical temperature-time profiles for in- 
shell walnut kernel during a hot air treatment (53 °C at 1 m/s air velocity) and a 
RF treatment. In the hot air treatment, the heating rates decreases as the product 
temperature approaches the medium temperature, resulting in a heating time of more 
than 40 min (Figure 2). 

The kernel temperature lags significantly behind that of the hot air tem- 
perature, and rises very slowly once it reaches within about 10 °C of the air 
temperature. 




Figure 2. Heating and cooling curves for in-shell walnut kernel when subjected to forced hot air (air 
temperature, 53 °C; air velocity, 1 m/s) and RF treatment (Tang et al., 2000). 
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Figure 3. Heating and cooling curves for core temperatures of 12.7 cm diameter grapefruit (a) and 
8.9 cm diameter navel orange (b) when subjected to RF radiation or to forced hot air or hot water 
(temperature, 53 °C, air velocity, 1 ms“'). 



Figure 3 shows comparison of core temperatures in 12.7 cm diameter grape- 
fruit and 8.9 cm diameter navel orange when subjected to 27.12 MHz RF radiation, 
to forced hot air at 53 °C (1 m/s), or to hot water at 52 °C. 

The centre temperature of grapefruit and oranges reach 52 °C more than 20 
fold faster than when they were exposed to RF compared to hot water or air. The 
centre temperature of the grapefruit and oranges rose at a rate of about 4-5 °C 
per minute in RF heating, while grapefruit heated at a rate of about 0.2-0. 3 °C 
per minute when exposed to hot air. Fruit exposed to 53 °C air or immersed in 52 
°C water develops discoloration of the peel and tissue softening. 
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2. STRATEGY FOR DEVELOPING NEW HEAT 
TREATMENT METHODS 

An important step to the development of successfnl thermal treatments is to identify 
a delicate balance between minimised thermal impact on prodnct qnality and 
complete killing of insects. It is possible to define a 100% mortality curve for a 
targeted insect pest and a minimally acceptable quality curve as a function of tem- 
peratures for a specific agricultural product (Figure 4). Because the activation energy 
for quality changes in agricultural commodities is generally smaller than that of 
insect mortality (e.g., = 100 kJ/mole for texture softening, Rao and Lund, 1986; 

Taoukis et ah, 1997; = 400-500 kJ/mole for insects, Wang et ak, 2002a, b), the 

slope of this quality curve should be smaller than that of the insect mortality curve 
(Tang et ah, 2000). The exact location and the slope of the quality curve depend 
on the commodity. The overlap between the lower region of the quality curve and 
upper region of the insect mortality curve defines the potential operation regime 
for developing thermal quarantine treatments (Tang et ak, 2000). 

A knowledge of the thermal death kinetics of insects is essential in developing 
an effective thermal treatment. Once the information for the thermal death kinetics 
of targeted insects becomes available, new thermal treatment protocols can then 
be developed to deliver the desired amount of lethal thermal energy to the insects 
in a manner based on engineering principles that control the insects without 
damaging product quality. 




Figure 4. Acceptable time-temperature treatment regime obtained from insect mortality and quality 
curves (Tang et al., 2000). 
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3. THERMAL DEATH KINETICS OF INSECTS 
3.1. Experimental methods 

Insect pests differ greatly in tolerance to heat. A common method to determine 
thermal mortality characteristics of insects is to heat infested commodities to a 
selected temperature and hold the commodities for pre-determined times. Information 
from those experiments is only applicable to the tested products and the specific 
test conditions. It is difficult to extract true information on the susceptibility of 
the insects to heat from those tests, because this information is confounded with 
the effects of heat transfer in commodities. Temperature ranging from 38 to 54.4 °C, 
treatment times of up to 12 h, and heating rates between 0.067 and 6.25 °C/min have 
all been used in different reports (Sharp and Chew, 1987; Yokoyama et al., 1991; 
Neven and Rehfield, 1995; Neven, 1998a). There seems to be a lack of a consis- 
tent method to obtain experimental data that truly reflects the intrinsic heat resistance 
of an insect. It is often unclear if heat treatment times reported in the literature 
include the initial heat-up period, or how the heating rates affect insect mortality. 
In other cases, an instantaneous heating method, such as direct hot water dip of 
insects, is practised (Sharp and Chew, 1987; Jang, 1991; Thomas and Mangan, 1997). 
This method may work well with insect eggs. But probable drowning of insects at 
elevated temperatures in those studies may result in misleading conclusions. Other 
researchers used an indirect submersion method. For example, Neven (1994) and 
Yokoyama et al. (1991) placed codling moth larvae in glass vials (7.5 ml and 15 
ml, respectively) before heating in water baths. With this method, heat transfer 
through and in vials is confounded with insect mortality data. 

To overcome the above difficulties, a heating block system was recently devel- 
oped at Washington State University (WSU) and has been used to determine the 
thermal death kinetics of codling moth, Indianmeal moth and navel orangeworm 
(Ikediala et al., 2000b; Johnson et al., 2003; Wang et al., 2002a, b). The system 
consists of top and bottom metal blocks, heating pads, an insect test chamber, 
controlled atmosphere circulating channels, and a data acquisition/control unit 
(Figure 5). The heating blocks are made of aluminium alloys with low thermal 
capacitance (903 J kg“b°C“') and high thermal conductivity (234 W m“'-°C“'), and 
can treat up to 200 insects at a time at a controlled heating rates between 0.1 and 
20 °C/min. The height of the insect chamber is adjustable by adding/moving a 
piece of aluminium plate on the top block to provide contact between the insects 
and the block surfaces. The heating pads at the top and the bottom of the heating 
block provide a maximum heating flux density of 15,500 W m“^. Calibrated 
type-T thermocouples inserted through sensor paths are used to monitor the 
temperatures of the top and bottom plates, and the air temperature in the chamber. 
The heating rate (0.1 to 20 °C min“^) and the end-point temperature are controlled 
by the visual software WorkBench PC 2.0 (Strawberry Tree Inc., Sunnyvale, CA) 
via a solid state relay. Two on-off controllers regulate the two block surface 
temperatures separately. The number of electric pulses regulates power supply to 
the heating pads in microsecond time intervals. The thermal capacitance of the 
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heating paxi 




Figure 5. Schematics of the WSU heating block system for insect mortality studies (Wang et al., 2002b). 



blocks provides smooth temperature profiles over the heating period and precise 
control (±0.2 °C) during the holding periods (Ikediala et ah, 2000b; Wang et al., 
2002b). 

3.2. Kinetic models 

A large amount of the reported data is in the form of LT95 (min) or LT99 (min), which 
demonstrates relative thermal susceptibility of insects. LT data, however, can not 
be directly used in combination with fundamental heat transfer theory to develop 
thermal treatment protocols. Experimental results of insect mortality are also often 
analysed by probit analysis. This method is based on the assumption that the 
frequency of individual deaths in an insect population under constant tempera- 
tures follows normal distribution over time. Probit analysis is effective to confirm 
quarantine treatments (e.g., probit 9 criteria, or 99.9968% mortality), but the analysis 
does not give kinetic data for insect mortality and does not provide sufficient infor- 
mation from which an optimal temperature-time combination can be chosen to 
reduce food quality loss. Thomas and Mangan (1997) critically reviewed several 
models for Mexican fruit flies. They recommended the use of thermal dynamic 
models for estimating quarantine treatment levels for developing new thermal treat- 
ment methods, and recommended use of the traditional probit analysis to confirm 
estimates. 
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3.2.1. Fundamental kinetic model 



Several researchers used fundamental kinetic model to describe thermal kill of insect 
pests (Johnson et ah, 2003; Wang et ah, 2002a, b). Insect survivals (N) after a 
given treatment time at a constant temperature can be modelled as following: 



d(N/No) 

dt 



-k(N/NoT 



( 2 ) 



where k is the thermal death rate constant (min“'), n is the kinetic order of reac- 
tions, Nq is the initial number of insect pests and t is the holding time (min) at a 
fixed temperature. The integration form of Eq. (2) is: 



In(WiVo) = -kt + c (« = 1) (3a) 

(N/Noy-" = -kt + c(n^l) (3b) 



A linear regression analysis can be performed for zero order, half order, first order, 
1.5th order and second order of reactions. The most appropriate order of reaction 
is determined by comparing the coefficients of determination (R^) for all tested orders 
at different temperatures. After the reaction order is determined and the corre- 
sponding best-fit values of k and c are obtained, the model can be used to estimate 
the lethal time LT95, LT99, T999968 and any other LT values. 

The activation energy for thermal inactivation of test larvae is estimated from 
the relationship between k and T via an Arrhenius relationship (Stumbo, 1973; 
Tang et ah, 2000): 



k = 




( 4 ) 



where T is the absolute temperature (K), ky^f is the reaction rate constant at the 
reference temperature Tyef (K), Ej^ is the activation energy (Jmol '), and R is the 
universal gas constant (8.314 Jmol“^ K“'). 

The activation energy for thermal kill of codling moths can also be esti- 
mated from a TDT curve (Tang et ah, 2000): 



2.303/?r„,„r, 






mm^ max 



( 5 ) 



where and are the minimum and maximum temperatures (K) of a test range, 
respectively, z is the degree of temperature increase to result in one log reduction 
in time on a TDT curve (Tang et ah, 2000). That is, the z value in the theory of 
Thermobacteriology is related to the value of rate constant and activation energy 
in the classical reaction kinetic theory. 

Once the z value, or k and values, for a target insect pest are determined, 
the accumulated temperature-time effect of a thermal treatment with a known tern- 
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perature history on reduction of the organism can then be predicted with a good 
accuracy (Tang et ah, 2000). This method has been the basis for calculating the 
thermal processing times for commercial food thermal pasteurisation and sterilisa- 
tion processes (Stumbo, 1973). 

3.2.2. Empirical model 

Microbial mortality in food processing at constant lethal temperatures has been 
traditionally considered a process following a first order kinetics such as Eq. (3a) 
(Stumbo, 1973; Jay, 1996; Holdsworth, 1997). This equation shows a linear rela- 
tionship between the survival ratio and the exposure time t in a semi logarithmic 
plot. However, many experimental results showed clearly non-linear relations with 
various shapes such as upward or downward concavity and a flat shoulder (Peleg, 
2000). Instead of using a fundamental kinetic model with a different order of 
reaction, a modified logarithmic constant rate model is used to improve the rela- 
tionships for bacterial spores by Alderton and Snell (1970) and King et al. (1979), 
and for insects by Jang (1986, 1991), Thomas and Mangan (1997) and Thomas 
and Shellie (2000): 

/ ^oY 

log — = kt + c ( 6 ) 

V nI 

where a and c are constants. The empirical kinetic model Eq. ( 6 ) can be consid- 
ered as a modification of a first order reaction relationship by adding an exponential 
constant (a) to improve curve fitting. The constant (a), however, does not carry 
any obvious information to help interpret the thermal death kinetics of insects. 

After taking logarithm for two sides, Eq. ( 6 ) becomes: 

log(-log(l -p)) = c + bt (7) 

where p [= (Aq - N)/Nq] is the expected observation mortality. This model was 
used to estimate LT 99 for codling moth (Jones and Waddell, 1997) and for fruit 
fly (Waddell et al., 2000). 

Wang et al. (2002b) studied thermal mortality of fifth-instar navel orangeworm 
as a function of time at temperatures of 46, 48, 50, 52 and 54 °C (Eigure 6 ). The 
data in Eigure 6 exhibit a non-logarithmic trend. At temperatures lower than 50 
°C, thermal mortality curves typically follow a rather broad shoulder, and then 
drop rapidly. At temperatures greater than 50 °C, the initial shoulder of the curves 
is negligible and the survival number decreases linearly almost directly from the 
onset. Brief exposure to 54 °C causes rapid death of the insects, as 100% mor- 
tality in 3 samples of 200 is reached only after 1 min holding. The higher the 
temperature, the shorter the exposure needed to kill all insects. 

Table 4 shows the coefficients of determination (R^) at different reaction orders 
for all the treated temperatures. In general, the 0.5th order reaction is most applic- 
able to describe the insect thermal death curve of 5th-instar navel orangeworm for 
all temperatures. The empirical logarithmic model and the established kinetic model 
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Figure 6. Thermal mortality curve of 5th-instar navel orangeworms at five temperatures. Each point 
represents 3 samples of 200 larvae and the lines were obtained by regression. and N stand for the 
initial and final live insect numbers (Wang et al., 2002b). 



Table 4. Estimation of the best kinetic order for the thermal kill of 5th-instar navel orangeworm at 
five temperatures by comparing the coefficient of determination (R^) (Wang et al., 2002b). 



Temperatures 

(°C) 


n = 0 


n = 0.5 


n = 1 


n = 1.5 


n = 2 


46 


0.959 


0.964 


0.655 


0.423 


0.396 


48 


0.941 


0.960 


0.772 


0.521 


0.482 


50 


0.944 


0.900 


0.698 


0.587 


0.577 


52 


0.810 


0.938 


0.903 


0.668 


0.631 


54 


0.851 


0.961 


0.862 


0.781 


0.774 



for 0.5th order reaction were used to predict the lethal times to reach 95%, 99%, 
99.83% and 99.9968 mortality (Table 5). 

The predicted LT99 33 agree with the experimental results within the accuracy of 
the inherent experimental errors. It is interesting to note that the predictions show 
that less than 20% extra time is needed to increase the efficacy of a heat treat- 
ment from 99% mortality to 99.9968% (Probit 9). The time difference between 
the 0.5th order and empirical models is below 10% except for 46 °C. A large treat- 
ment time intervals at 46 °C were used to reduce number of test runs, which might 
have caused the error of the models. Generally, the fundamental kinetic model is 
simple to apply with the acceptable precision when compared with the empirical 
equation. The 0.5th fundamental kinetic model is also applied to describe the thermal 
death kinetics of the fifth-instar codling moth (Wang et al., 2002a) and Indianmeal 
moth (Johnson et al., 2003). 
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Table 5. Comparison of lethal times (min) obtained by experiments, empirical and 0.5th order kinetic 
models for 5th-instar navel orangeworms at five temperatures. 



Temp. 

(°C) 


Observed 

100% 

mortality 

(“I-Tgggg) 


Empirical equation 




0.5tb order kinetic model 




LTg, 


LT99 


LT9983 


LT999968 

(probit 9) 


LT ,5 


LT99 


LT9983 


LT999968 

(probit 9) 


46 


140 


106.6 


124.9 


140.4 


165.9 


120.0 


137.6 


146.1 


151.1 


48 


50 


36.0 


42.3 


47.6 


56.3 


40.9 


46.8 


49.6 


51.3 


50 


15 


11.5 


13.3 


14.8 


17.4 


13.5 


15.3 


16.2 


16.8 


52 


6 


3.7 


4.5 


5.2 


6.3 


4.3 


5.0 


5.4 


5.6 


54 


1 


0.7 


0.8 


0.9 


1.1 


0.8 


0.6 


1.0 


1.0 



3.2.3. TDT curve and activation energy 

Knowledge of the fundamental kinetics for the thermal death of insects will allow 
the prediction of lethal times over a range of temperatures. The thermal death time 
(TDT) curves are experimentally obtained by determining the minimum time to 
completely kill insects in a fixed sample size over a range of temperatures. TDT 
curves for fifth-instar codling moth, Indianmeal moth and navel orangeworm at 
the heating rate of 18 °Cmin“^ were developed by Johnson et al. (2003) and Wang 
et al. (2002a, b) and are summarised in Figure 7. The results suggest that navel 
orangeworm is the most heat resistant insect at the fifth-instar life stage. 

The activation energy for thermal kill of fifth-instar codling moth is calculated 
based on z value of 4.2 °C to be 472-473 klmoF'. Table 6 compares the activa- 




Figure 7. Experimentally determined minimum time-temperature combinations for a completed kill 
of 600 fiftb-instar Indianmeal motbs (IMM), codling motbs (CM) and navel orange worms (NOW) 
after beating at 18 °C/min in a beating block system (Wang et al., 2002c). 
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Table 6. Comparisons of activation energies of thermal kill for insects and microorganisms with that 
of food quality changes due to heat treatments (Wang et ah, 2002a). 



Insects/Materials Temperature Activation Energy Source 

Range (°C) (klmol"') 



Mediterranean fruit fly 
Eggs 
1st instar 
Melon fly 
Eggs 
1st instar 
Oriental fruit fly 
Eggs 

1st, early and late 3rd instar 
Caribbean fruit fly (eggs) 

Queensland fruit fly (eggs) 
Navel orangeworm (fifth-instar) 
Codling moth (fifth instar) 
Quality (texture - softening or 
firmness, color, flavor, etc.) 
Microorganisms (spores) 



45-47 


784 


45-48 


656 


43-46 


518 


45-48 


650 


43-46 


958 


43-48 


209-401 


37-42 


440 


43-50 


445 


42-48 


538* 


46-54 


510-520** 


46-52 


472-473** 


50-70 


42-126 


100-130 


222-502 



Jang (1986) 

Jang (1986) 

Jang (1986) 

Jang (1986) 

Jang (1986) 

Jang (1986, 1991) 
Moss and Chan (1993) 
Moss and Chan (1993) 
Waddell et al. (2000) 
Wang et al. (2002b) 
Wang et al. (2002a) 
Lund (1977); 

Rao and Lund (1986) 
Lund (1977) 



* Estimated by the authors from the reported data. 
** Parameter obtained at 18 °Cmin“' heating rate. 



tion energy (E^) of selected insect pests, microorganisms and quality parameters 
of food commodities. The values for fifth-instar codling moths were compared 
in Table 6 with those of fifth-instar navel orangeworm (Wang et al., 2001c) and 
of the four species of fruit flies reported by Jang (1986, 1991) and Moss and Chan 
(1993). In general, the activation energy for thermal kill of insects is slightly 
greater than that for thermal inactivation of pathogenic microbial spores and much 
greater than for softening and many other quality changes in food commodities 
due to heat (Table 6). Therefore, insect pests are much more sensitive to increase 
in treatment temperatures than most fruit quality aspects. This provides opportu- 
nity for the possible development of relatively high- temperature- short-time thermal 
treatment processes that may kill insects while having minimal impact on product 
quality (Tang et al., 2000). 

3.3. Effect of heating rates on insect mortality 

Heating rate is believed to have a significant effect on insect metabolism and 
physiological adjustment to the heat treatment (Evans, 1986; Neven, 1998a, b). Neven 
(1998a) reported that codling moth larvae might experience thermal conditioning 
and acclimation to the heat at heating rates between 0.13 and 0.2 °C min“^ 
Consequently, a longer holding time is required at a final temperature in order to 
achieve the same mortality at a slower heating rate. For conventional heating, the 
heating rates in the interior of commodities range between 0.05 and 2 °C min“^ 
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depending on heating methods, type and size of commodity and the end tempera- 
tnre (Wang et ah, 2001h). In addition, the heating rate at the interior of a commodity 
decreases with time under a constant medium temperature due to decreasing 
temperature difference between the heating medium and the fruit. As a result, con- 
ventional heat treatments typically take long times to achieve required security 
against insects. Most insects may have adequate time to adapt to the heat and increase 
thermal resistance (Waddell et ah, 2000). 

Lester and Greenwood (1997) also reported that a low heating rates and long 
exposure of insects to elevated but non-lethal temperatures (<42 °C) may condi- 
tion insects such that subsequent treatment at lethal temperatures above 42 °C are 
less effective. This implies that higher heating rate should provide greater mor- 
tality (required smaller lethal time) because of a lack of non-lethal temperature 
conditioning of the insects. It is observed that the heating rates between 1 and 
1 8 °C/min do not allow adequate time for insects to increase thermotolerance (Wang 
et ah, 2002a). RF treatments can easily provide a heating rate between 10 and 
20 °C/min in nuts and tree fruits (Tang et ah, 2000; Ikediala et ah, 2002; Wang et 
ah, 2001a, 2002c). Recently, Ikediala et al. (1999) and Wang et al. (2001a) reported 
thermal treatment methods based on 27 MHz RF energy to control codling moths 
in cherries and walnuts without significantly reducing product quality. 

3.4. Effect of pre-treatment conditions on insect mortality 

The TDT curves can be obtained for complete kill of any samples based on the 
kinetic models and are, therefore, very flexible as a tool to select appropriate tem- 
perature-time combinations for heat treatments (Wang et al., 2002a, b). The insects 
used for those tests are, however, maintained at room temperature (~20 °C) for at 
least 12 hrs before mortality studies, to provide general base-line information on 
insect mortality. Those curves are effectively used in developing RF treatment 
protocols for walnuts and cherry fruits and confirmed with infested commodities 
that are also stored at 20 °C before testing (Ikediala et al., 2002; Wang et al., 2002c). 
Deviation from the storage condition of 20 °C prior to treatments may, however, 
result in less effective treatments because the minimum time-temperature combi- 
nations require to kill certain insect populations may change with pre-treatment 
storage conditioning at sub-lethal warm temperatures. In insects, as in other organ- 
isms, this type of increased thermotolerance is strongly correlated with the induction 
of heat shock proteins (HSPs) (Lindquist and Craig, 1988; Feder and Hofmann, 
1999), which results from exposure to various forms of stress including heat shock. 
Enhanced thermotolerance, following exposure to non-lethal temperatures before 
targeted temperature treatments, has been reported in Drosophila (Velasquez at 
al., 1983; Feder et al., 1996), tephretid fruit flies (Beckett and Evans, 1997; Waddell 
et al., 2000), flesh flies (Yocum and Denlinger, 1992), and light brown apple 
moths (Lester and Greenwood, 1997). Lester and Greenwood (1997) also reported 
that the lethal time of 99% mortality for fifth-instar apple moths increased from 
23 min with no pre-treatment thermal conditioning to 37.4 min after 8h at 35 °C 
(Table 7). 
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Table 7. Effect of pretreatment conditions (30 °C + 6 hours vs 20 °C for 6 hrs) on mortality 
(mean + S.D., %) of 5th-instar navel orangeworms after heating at 1 °C/min"‘ (200 insects per run, 
3 replicates) 



Temperature + Holding time 


Pre-treatment temperatures 






20 °C 


30 °C 


48 °C + 40 min 


too 


67.0 + 14.7 


50 °C + 15 min 


too 


89.1 + 8.1 


52 °C + 2 min 


too 


90.6 + 1.2 



Increased heat tolerance in insects due to pre-treatment warm environment may 
not pose much of a problem with treatments for insects in nuts, because of the 
preferential heating of insect in nuts and a relatively high level of heat tolerance 
of nuts in short-time treatments. We have documented that walnut and almond quality 
is not affected by treatments of up to 60 °C for 5 min (Buranasompob, 2001). We 
can build in a relatively large safety margin {e.g., higher temperature or longer 
time, or both) in the design of treatment protocols to allow effective control of insect 
pests without causing quality changes of commodities. But we do need to have 
knowledge of the increased heat resistance on insects to design this margin to save 
time and energy. For fresh tree fruits and citrus, the margin between conditions to 
control insects and avoid thermal damage to product quality is relatively small. 
To develop an effective thermal treatment that can control insect pests in fruits 
without damaging product quality, we need to determine the effect of pre-treat- 
ment warm conditions on insect mortality and how the increased heat mortality 
can be brought back to the normal level. It has been reported that thermal induced 
HSPs may disappear within 2-3 hrs after return to room condition (Jang, 1992). This 
provides opportunities to reduce heat tolerance of insect pests to their normal level 
by bringing infested and warm commodities to room temperature and maintain them 
at this temperature for a certain period before thermal treatments to control insect 
pests. 



4. PROPERTY OF RF AND MICROWAVE HEATING 
4.1. Dielectric properties 

Knowledge of the dielectric properties (Eq. 8) of insects and commodities enables 
us understand their interactions with electromagnetic energy to guide the develop- 
ment of RF treatments. In particular, dielectric property data for the targeted insects, 
fruits and nuts provide general information for selecting optimal ranges of frequency 
and the design of the thickness of the treated bed for uniform RF heating. The 
complex relative permittivity, e*, of a material can be expressed in the following 
complex form: 

e* = e' -jt" 



( 8 ) 
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The real part e' is the dielectric constant, and represents stored energy when the 
material is exposed to an electric field, while the dielectric loss factor e", which 
is the imaginary part, mainly influences energy absorption and attenuation. 

The relative permittivity values of agricultural and biological materials are influ- 
enced by frequency, temperature, density, salt content, moisture content and the state 
of moisture (frozen, free or bound). Dielectric properties of many foods and other 
biomaterials are summarised in several reviews (Nelson, 1973; Tinga and Nelson, 
1973; Stuchly and Stuchly, 1980; Mohsenin, 1984; Mudgett, 1986; Kent, 1987; 
Foster and Schwan, 1989; Ryynanen, 1995). Some of these researchers have reported 
on the dielectric properties of fresh fruits and vegetables at selected frequencies 
and temperatures, and on the measurement techniques (Thompson and Zachariah, 
1971; Kraszewski et al., 1983; Tran et al., 1984; Seaman and Seals, 1991; Engelder 
and Buffer, 1991; Nelson, 1991). Engelder and Buffer (1991) described several 
currently used measurement methods and noted the open-ended coaxial-line probe 
technique as the easiest to use. They have also listed the advantages and limita- 
tions of this method compared with the other methods. Nelson (1991) observed a 
maximum difference of the dielectric loss factor between wheat and weevil near 
the frequency of 20-30 MHz (Figure 8). 

Wang et al. (2001a) found that the dielectric loss factor of codling moth larvae 
was much larger than that of walnut kernels, especially in the RF range at room tem- 
perature (Figure 9). Codling moth larvae can, therefore, absorb more energy than 
walnuts when subjected to the same electromagnetic field. 

It is a well-known fact that dielectric properties of biomaterials change with 
temperature. Since the fruits and insects will be subjected to RF system for heating, 
their dielectric properties need to be measured as a function of temperatures between 




lO"* 10^ 10^ 10^ 10^ 10^ io'° io“ 



Frequency, Hz 

Figure 8. The experimental dielectric loss factor difference between rice weevil and wheat (Nelson, 
1991). 
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Frequency (Hz) 

Figure 9. Dielectric loss factor (e") of codling moth larvae and walnuts at room temperature as a function 
of frequency (Wang et al., 2001a). 



20 and 60 °C. A custom-built test cell was developed at WSU (Wang et al., 2002; 
Wig, 2001) connected with an impedance/material analyser to allow measurement 
of dielectric properties at different temperatures. The sample is confined in a stain- 
less steel sample cell to allow the coaxial probe to fit into the cell and to contact 
well with the sample (Figure 10). 

Circulating water from a water bath controls the sample temperature. The sample 
temperature measured by a type T thermocouple (0.8 mm diameter and 0.8 s response 
time) is used as a feedback for the water bath. Tests with compacted larvae are 
conducted as quickly as possible to minimise degradation of the hemolymph and 
other constituents. Measurement of the dielectric properties of fruits and nuts are 
conducted with mashed and compressed materials (to reduce air voids) precondi- 
tioned. Measured values for dielectric loss factor (e") of fifth-instar codling moths 
at five temperatures are shown in Figure 11. 

The value of e" is very high at low frequencies and decreases to 12 at 1800 
MFlz. The loss factor of codling moth increases with the temperature, especially 




Figure 10. Schematic view of the dielectric property measurement system. 
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Figure 11. Dielectric loss factor of codling moth larvae (slurry) as a function of temperatures at five 
frequencies (MHz). 



at low frequencies, mainly due to the increase in ionic conduction at high temper- 
atures (Tang et ah, 2002). Therefore, possible differential heating of codling moths 
is enhanced at high temperatures. 

4.2. Differential heating of insect pests in fruit and nuts 

An attractive feature of using the electromagnetic energy at selected frequencies 
to control insect pests is the possibility that the insects may be heated at a faster 
rate than the host commodity. We may be able to develop treatments that allow insect 
pests to be heated to a lethal temperature while maintaining product temperature 
below a temperature level harmful to product quality. Biological materials such as 
insects and their host commodities have distinctively different electric characteris- 
tics that govern the generation of heat and rise in temperature in an electromagnetic 
field (Tang et ah, 2000). Based on dielectric property measurements. Nelson and 
Charity (1972) suggested that it is possible to differentially heat rice weevil, 
Sitophilus oryzae (L.), in hard red winter wheat in a RF range between 10 and 
100 MHz. Nelson and Payne (1982) observed that a 40 MHz RF heat treatment 
was more effective to kill pecan weevil, Curculio caryae (Horn) (Coleoptera: 
Curculionidae) in pecans than heating at 2450 MHz. For the first time in the history 
of insect control research, we experimentally prove that it is indeed possible to 
preferentially heat insects in nut products. We measured insect body and walnut 
kernel temperatures using fibre optic sensors during RF treatments. 

Figure 12 shows the temperature-time history for codling moth larvae (slurry) 
and walnut kernels when subjected into 27 MHz RF system with a power of 
1 kW. The temperature difference between insects and walnut kernels is as high 
as 14.3 ±1.1 °C. The heating rate for the insect slurry is about 1.4 to 1.5 times faster 
than for walnut kernels. This confirms the insects are indeed preferentially heated 
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Figure 12. Measured temperatures of walnut kernels and codling moth slurry when subjected to 
27 MHz RF system (P = 1 kW). 



in walnuts at 27 MHz. It is, therefore, not necessary to heat walnut temperature to 
a lethal level to control insects. The significant preferential heating of insects in 
walnuts can be used to our advantage when developing insect control treatments 
to provide a large safety margin that can control insect without causing thermal 
damage to product quality, and to allow a short time process to reduce the use of 
RF energy. 

4.3. Saline water immersion techniques for fresh fruit 

Under ideal conditions, RF and microwaves allow rapid and uniform heating within 
an agriculture commodity, provided that the electric field is uniform and the sample 
is sufficiently homogeneous. For materials of a composite nature, each sub-material 
within the composition may heat at a rate depending on its dielectric and thermal 
properties (Nelson, 1991). In research on the effects of different variables on the 
effectiveness of RF exposures for controlling insects in infested agricultural com- 
modities, the dielectric properties of the host material and pest are needed to estimate 
possible non-uniformity problems. Non-uniformity of electric field intensities in 
microwave and RF-treated fruits can influence effectiveness of those treatments 
for application in insect control (Ikediala et ah, 1999). Many methods for improving 
temperature uniformity in microwave and RF applications have been suggested, such 
as the use of small power level, choice of frequency, and/or surface cooling 
(Bengtsson et ah, 1970; Decareau, 1985; Virtanen et ah, 1997). Bengtsson et ah 
(1970) attempted the use of water immersion in the RF pasteurisation of cured 
ham as a method of levelling out electric field and temperature distribution in 
ham. 
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Spherically shaped fruit tends to focus electromagnetic energy to the core, causing 
significant non-uniform heating. Full immersion of fruit in water alleviates core 
focusing hy influencing the electric field distribution and reducing refraction when 
waves travelling through the two materials (water and fruit). By matching the dielec- 
tric and ionic conductivity properties of the fruit and the immersion water, we can 
raise temperatures throughout the fruit at the same heating rate, thus obtaining the 
same final temperature at both core and surface of fruit. Immersion water could 
provide additional benefit of heat treatment of insect eggs or those larvae on the 
surface or outside of fruits during RF and microwave processes. 

Table 8 lists electrical properties data for different saline immersion water, fruits 
and codling moth larvae at 27 MFlz RF and 915 MHz microwave (Ikediala et ah, 
2002). These data are useful to match cherry electrical properties (and useful for 
other fruits) with that of immersing ionised water. We note that a similar heating 
characteristic of the fruit is observed in 915 MHz microwaves (Ikediala et ah, 
1999) as with RF. Dielectric and conductivity properties increase as salt content 
increased. From Table 8, a 0.15% NaCl in tap water (loss factor ~ 178) is used as 
immersion water for cherries, a value which very closely approximates that of 
cherries (loss factor ~ 185) at the 27 MHz frequency (Figure 13). In a treatment 
shown in Figure 13, when cherries were treated by RF energy to a 50 °C target 
temperature, mean temperatures of the immersion water and that of the berries 
differ by <0.6 °C. The maximum temperature variation within and among fruits 
determined within 1-2 min after RF treatment was about ±2.0 °C of the set tem- 
perature. The standard deviation from the mean temperature ranged from ±0.4 to 
±1.4 °C. 



5. TREATMENT PROTOCOLS FOR WALNUTS 

Larvae of codling moth and navel orangeworm are field pests and may be present 
in harvested walnuts. Codling moth is targeted by quarantine regulations in Japan 
and South Korea, and navel orangeworm is of phytosanitary concern in Australian 
and European markets. Indianmeal moth is a common pest of stored walnuts and 
is the insect most often responsible for consumer returns and complaints. In devel- 
oping a disinfestation protocol for walnuts, thermal death kinetic data for these three 
insect pests at different life stage were compared (Figure 7). Navel orangeworm was 
determined as the most heat resistant species among the three insects. The life stages 
of navel orangeworm that most commonly found on dehydrated walnuts are larvae 
and pupae. Navel orangeworm eggs normally hatch before reaching the processing 
plant. 

Table 9 shows mean values and standard deviations of mortality for navel orange- 
worm at three life stages. Fifth-instars were consistently more tolerant than the other 
two life stages. This life stage was used to infest in-shell walnuts for our treat- 
ment protocol developments. 

In developing the RF protocol, in-shell walnuts were heated by RF energy alone 
or together with 55 °C hot air to 55 °C mean kernel temperature by holding in heated 
air of 55 °C for 5 and 10 min. Treatment results showed that all of the RF treat- 
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Table 8. Effective electric conductivity (a), and dielectric property (e', e") at 27 MHz radio fre- 
quency (RF) and 915 MHz microwave (MW) of selected materials at room temperature (Ikediala et 
al„ 2002). 



Dielectrics/Materials 


a X too 

(S/m) 


27 MHz RF 


915 MHz RF 




e' 


e" 


e' 


e" 


Air 


~0 


1.0 


~0 


1.0 


~Q 


Water: 


Distilled/Deionised 


0.5- 


80.1 


0.03 


78.4 


3.6 


Fresh (tap water, Pullman, WA, 


1.1 X 10“^ 


79.6 


18.9 


78.8 


4.5 


USA) 


3.25 


80.3 


75.1 


78.9 


6.4 


+0.05% salt (common salt. 


13.3 


80.6 


126.6 


79.0 


8.2 


Nail) 


23.1 


81.5 


178.5 


78.7 


9.9 


+0.10% 


32.0 


82.1 


226.3 


78.6 


11.5 


+0.15% 


40.5 


83.6 


276.0 


78.6 


13.3 


+0.20% 


49.8 


88.0 


524.3 


78.1 


21.8 


+0.25% 


92.5 


99.2 


985.8 


77.3 


37.2 


+0.50% 


173 


126.1 


1866 


75.7 


67.1 


+ 1.0% 


333 


80.7 


105.6 


78.9 


7.5 


+2.0% 


18.1 


81.5 


184.5 


78.6 


10.3 


+0.10% salt (CaCl 2 - 2 H 20 ) 


32.6 


97.6 


759.3 


77.7 


30.2 


+0.20% 


131 


125.0 


1414 


76.6 


52.5 


+ 1.0% 
+2.0% 


250 

400 


- 


- 


- 


- 


Sea 

Apples: 


Mclntosh/Winesap 


1.05-1.33 


- 


- 


- 


- 


Fuji 


0.86-1.3 


- 


- 


- 


- 


Red Delicious (juice) 


18.5 


79.5 


138.9 


74.7 


9.9 


Apples (flesh) 


- 


64.3 


80.8 


56.9 


8.9 


Immature apple (juice) 


43.0 


87.5 


248.9 


77.2 


13.5 


Cherries: 


Bing, Rainier (flesh) 


- 


87.6 


185.4 


69.7 


14.3 


Sweetheart (juice) 


42.0 


- 


- 


- 


- 


Vegetables pieces 


6-10 


- 


- 


- 


- 


Fruit pieces 


5-15 


- 


- 


- 


- 


Insect: 


Codling moth 


1-2 


- 


- 


- 


- 


Codling moth (5th instars) 


31.0 


125.2 


458.3 


59.9 


22.4 



ments including RF -i- 5 min, RF +10 min and RF with hot air + 10 min, resulted 
in 100% mortality in the tested samples. 

To be effective, the phytosanitation procedures must also retain product quality. 
Quality factors for walnuts include crackability, kernel colour, moisture content 
and flavour. The two main parameters indicating walnut oxidative rancidity are 
peroxide values (PV, meq/kg) and fatty acid (FA, % oleic). According to the industry 
standard (Diamond Walnut Company, Stockton, CA), good quality walnuts should 
have a PV <1.0 meq/kg and a FA < 0.6%. 

Table 10 shows the mean values and standard deviations of the PV and FA 
values of the control and the longest RF treated walnut kernel samples. The final 
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Figure 13. Temperature profile in cherries during saline water (0.13% NaCl) immersion-RF 
treatment (Ikediala et al., 2002). 



Table 9. Thermal mortality (Mean + SD, %) of navel orangeworms after heating at 18 °C/min 
(3 replicates) in a heating block system (Wang et al., 2002c). 



Temperature + Holding time 


Third-instars 


Fifth-instars 


Pupae 


48 °C ■+ 25 min 


87.4 + 3.0a* 


26.5 + 1.5b 


27.9 + 2.1b 


50 °C -r 10 min 


97.6 + 0.6a 


38.0 + 8.4b 


59.3 + 6.3b 


52 °C -r 4 min 


99.8 + 0.2a 


73.5 + 8.0b 


98.2 + 0.8a 



* Different letters within row indicate that means are significantly different (P < 0.05). 



Table 10. Quality indices of in-shell walnuts treated by RF energy (3 replicates) (Wang et al., 2002c). 

Storage time Peroxide value* (meq/kg) Fatty acid (%) 

at 35 °C (day) 



Control 



RF with hot air 
-r 10 min 



Control 



RF with hot air 
-r 10 min 



0 0.01 + 0.01 0.02 + 0.01 0.10 + 0.01 0.10 + 0.02 

10 0.28 + 0.11 0.18 + 0.12 0.15 + 0.01 0.15 + 0.01 

20 0.64 + 0.16 0.61 + 0.03 0.21 + 0.01 0.17 + 0.03 



* Accepted PV and FA values for good quality are less than 1.0 meq/kg and 0.6%, respectively. 



PV and FA values during accelerated storage of up to 20 d remained lower than 
the industry standard values (PV <1.0 meq/kg and FA < 0.6%) for good walnut 
quality. None of the RF treated walnuts differed from the control in the force required 
to crack the shell or the brittleness of the kernels. Sensory qualities and shell char- 
acteristics were not affected by the treatments. The process slightly reduced the 
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moisture content of the walnut kernels, which could prove an additional benefit 
by providing even nut moisture content. If this method can be economically inte- 
grated into the handling process, it should have excellent potential as a disinfestation 
method for in-shell walnuts. 



6. FUTURE RESEARCH DIRECTIONS AND CONCLUSIONS 

6.1. More insects mortality data 

We have so far studied the thermal death kinetics for codling moth, Indianmeal moth 
and navel orangeworm. We have considered several factors that may influence the 
results, including life-stage, shipment conditions, and growth conditions (wild or lab 
reared). We need to expand the studies to include other important insect pests, 
such as Mexican fruit fly, cherry fruit fly, Medfly and apple maggot. The most 
heat-tolerant life stage and insect will be used to establish thermal treatment pro- 
tocols to different commodity. 

Commodities may be exposed to a wide variety of environments in the field 
and during handling and storage prior to the treatments. Exposure to warm but 
sub-lethal temperatures may increase thermal resistance of insect pests, which may 
render thermal treatments less effective in industrial applications. We need to study 
how the environment prior to treatments influences heat resistance of insect pests 
and how to minimum this influence. It is, therefore, desirable to study conditions 
that induce HSPs. The relationship between HSP induction and insect thermal 
death kinetics, and the time to disappearance of induced HSPs once heat shocked 
insects are returned to non-heat shock conditions should be determined. 

6.2. Quality curves of commodities 

The marketability of treated commodities depends upon their quality. Kinetics data 
on the thermal response of commodities to thermal treatment are needed in devel- 
oping commercially viable treatment protocols. We have completed a study on 
quality of walnuts and almonds after different thermal treatments to establish the 
upper-limit for thermal treatment conditions. A systematic study is being carried out 
simultaneously in California (University of California, Davis) and Washington 
State (USDA-ARS Wenatchee Research Station) to establish the upper limit that 
cherry fruit can be treated without quality losses. The preliminary data from this 
quality tests indicate that there exists an operation region that we can use heat 
treatments to kill codling moths without damaging fruit quality. More such studies 
are needed for other commodities. 

6.3. Scale-up 

Small-scale experimentation on laboratory and pilot-scale RF test systems is effec- 
tive in identifying optimal operation conditions when developing treatment protocols. 
But further scale-up is needed for industrial implementation. Rapid RF treatments 
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can be designed as a continuous flow process to allow large quantities of products 
passing in a short period of time. In the scaling-up processes, however, a major 
consideration should be given to possible non-uniform heating in commercial RF 
systems, because those systems may not have been optimised in the design to deliver 
uniform electromagnet field in the treated commodities. Too large a variation in 
commodity temperature can either reduce the effectiveness of the treatments or cause 
too severe thermal damage to the treated commodities. While it is impossible to 
completely eliminate non-uniform heating in RF systems, we can minimise it by 
proper design of the applicators. 
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1. INTRODUCTION 

A fruit is a living, respiring and edible organ, which once detached from the parent 
plant, will undergo significant postharvest changes. The term ‘shelf-life’ or the 
synonyms ‘storage life’ and ‘storability’, can be defined as the time periods that a 
fruit can be expected to maintain a predetermined level of quality under specified 
storage conditions. Frnit shelf-life can be extended by optimisation of environmental 
conditions, minimisation of mechanical damage, application of food additives in 
the form of chemical sprays or dips, or by ionising radiation. The use of posthar- 
vest chemicals, ranging from fungicides and fnmigants to sprout suppressants and 
antioxidants, has allowed a considerable extension of the storage life of many 
fruits and vegetables. This, in turn has extended the geographical range from which 
prodnce is sourced and enabled year-round supply of many perishable commodi- 
ties to the consumer. However, consumer desires for food free of synthetic chemical 
residues is driving a trend towards rednced use of postharvest chemicals. Thus, 
the need for effective development of non-chemical treatments for prodnce has never 
been greater. Progress has been made in the use of controlled atmosphere storage 
and research has shown the potential for postharvest disease control nsing biolog- 
ical agents. 

Other approaches have been to try and identify effective natural chemicals (i.e. 
those present in plant extracts), which may be more acceptable to consumers than 
those that are synthetically produced. Thus, much research has been focused on 
extending postharvest frnit storage life by pre- or postharvest treatments with 
calcium, polyamines and gibberellins, and these form the subject of this chapter. 



2. CALCIUM TREATMENTS 

Calcium treatments represent a safe and potentially effective method for increasing 
the storage life and quality of some fruits (Conway et al., 1991, 1994, 1999; Valero 
et al., 1998). Calcium applications may be performed by preharvest foliar treatments 
or by postharvest treatments (Ferguson et al., 1995; Ferguson and Boyd, 2001). These 
are more effective when calcium is applied directly to the fruit surface, as little or 
no subsequent translocation of calcium occurs from leaf to fruit (Charnel, 1989). For 
this reason, postharvest treatments such as vacuum infiltration are often the most 
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affective treatments. However, calcium damage can occur. For example, the sensi- 
tive texture of berries prevents the use of vacuum infiltration, and dips in solutions 
of CaCl 2 are performed (Garcia et al., 1996). 

Most of the reports on calcium treatment have focused on the effect on fruit 
firmness. Thus, postharvest calcium treatments have been reported to retain fruit 
firmness in apple (Wang et al., 1993; Conway et al., 1994, 1997), kiwifruit (Hopkirk 
et al., 1990), blueberry (Hanson et al., 1993), strawberry (Morris et al., 1985; Main 
et al., 1986; Garcia et al., 1996), lemon (Valero et al., 1998; Martinez-Romero et 
al., 1999), pears (Rosen and Kader, 1989), tomato slices (Artes et al., 1999), can- 
taloupe melon cylinders (Lester et al., 1998; Luna-Guzman et al., 1999) and zucchini 
slices (Izumi and Watada, 1995). Additionally, preharvest calcium sprays have 
been useful delaying softening after harvesting of some fruits such as pears 
(Gerasopoulos and Richardson, 1999), and strawberries (Cheour et al., 1990). 

Figure 1 shows the changes in Magness-Taylor force during storage of lemon, 
and ‘Black Star’ and ‘Santa Rosa’ plums, which was significantly less in calcium- 
treated fruit after harvesting than in control fruit. In addition, significant increases 
in firmness after calcium treatment were found in lemon fruit, whereas in the two 
plum cultivars calcium treatment delayed firmness loss (Figure 1). Thus, calcium 
treatment could make the fruit less susceptible to mechanical damage during pro- 
cessing, handling and packaging, as has been shown in lemon fruit (Martmez-Romero 
et al., 1999). 

The reasons for calcium increasing fruit and vegetable firmness has been attrib- 
uted its role in cross-linking pectic substances in the cell wall, resulting in the 
formation of calcium pectate, increases being detectable immediately after calcium 
treatments (Abbott and Conway, 1989; Sams et al., 1993; Klein and Lurie, 1994; 
Conway et al., 1997). In addition, fruit firmness increased with increasing calcium 
concentration in the treatment solution, although for concentrations of calcium 
greater than 2% (w/v) damage to the fruit surface has been observed (Abbott and 
Conway, 1989). It has been also proposed that calcium can affect some hydrolytic 
enzymes of the cell wall, such as pectinesterase (PE) (Javeri et al., 1991), and a 
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Figure 1. Change in fruit firmness (Magness-Taylor force) during lemon storage at 15 °C, ‘Black 
Star’ plum at 2 °C and ‘Santa Rosa’ plum at 10 °C, after infiltration with 1 mM CaCh (■). Water- 
infiltrated fruit served as control (•). Data are the mean + SE of determinations made in triplicate in 
five fruits. 
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possible role for calcium in reducing the expression or activity of polygalactur- 
onase (PG) and the production of pectic oligomers, which induce ripening, has 
been proposed (Mignani et al., 1995). However, some authors have shown that 
there is no relationship between firmness and bound calcium in the pectic frac- 
tions of isolated cell walls (Siddiqui and Bangerth, 1996). 

An additional effect on fruit firmness has been observed when fruit are heated 
prior to calcium treatment, which has been explained in terms of PE activation by 
the increase in temperature. Thus, PE cleaving the methoxyl groups from methy- 
lated galacturonic acid residues in pectin, generates free pectic acids, which contain 
newly available carboxyl groups to bind with more endogenous or added Ca^"^, 
thus increasing tissue firmness (Stanley et al., 1995). 

Calcium treatments may also activate the synthesis of several cell wall com- 
pounds, resulting in higher accumulation of non-cellulosic polysaccharides such 
as lignin and an inhibition of cellulose deposition (Eklund and Eliasson, 1990). 
This de novo synthesis led to increases in the extractable cell wall compared to 
controls. Thus, the degradation rate would be much lower than the synthesis rate, 
and the cell wall solubilised more slowly (Conway et ah, 1997). 

Other beneficial effects of calcium infiltration on postharvest quality of fruit 
are probably mediated through the stabilizing influence of Ca^"^ on cell membranes 
(Legge et al., 1982; Leshem et al., 1992; Stanley et al., 1995), and more recently 
it has been found that calcium infiltration delayed membrane lipid catabolic processes 
during postharvest storage of fruit (Picchioni et al., 1998). 

Calcium treatment was also efective in controlling postharvest decay caused by 
Penicillum expansum, Botrytis cinerea, Glomerella cingulata and Gloeosporium 
in apple and strawerry (Conway and Sams, 1983; Sams and Conway, 1984; Conway 
et al., 1991; Sams et al., 1993; Garcia et ah, 1996). Additional reduction of decay 
has been reported by combined heat and calcium treatments in ‘Golden Delicious’ 
(Conway et ah, 1994), ‘Anna’ and ‘Granny Smith’ apples (Klein and Lurie, 1990) 
and in cactus pear (Schirra et ah, 1997). The integrated strategy of heat-treating fruit 
followed by calcium infiltration aimed to reduce damage that might occur to cellular 
membranes or at the cytoplasm level. Calcium accumulating in the intercellular 
spaces of fruit tissue (Sams et ah, 1993; Conway et ah, 1997) may be a useful 
alternative to the fungicides in controlling postharvest decay (Conway et ah, 1999). 
The mechanisms by which exogenous calcium reduces fruit decay and increases fruit 
firmness are closely related and are attributed to the increased calcium bound to 
the cell wall (Sams et ah, 1993; Conway et ah, 1994). 

However, one of the major problems with using calcium infiltration to reduce 
decay has been the inability to predict the amount of calcium absorbed and the 
resulting surface damage, such as discoloration, if too much is absorbed (Conway 
et ah, 1994). In addition, some fruits do not tolerate calcium treatments, which 
may induce peel injuries. Thus, in (Kiyomi’ tangerine, calcium treatment did not 
suppress the occurrence of oleocellosis (Hasegawa and Yano, 1994), and in papayas 
(Chen and Pauli, 1986) and grape fruit (Mulas et ah, 1995), CaCl 2 treatments 
promoted chilling injury (Cl), as well as in cactus pear when calcium treatment 
was combined with hot water (Schirra et ah, 1997). 

Calcium treatment can inhibit ethylene production in apple, ethylene produc- 
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tion being more reduced with increasing calcium concentrations (Sams and Conway, 
1984; Conway and Sams, 1987), due to a decrease in the activity of 1-aminocy- 
clopropane-1 -carboxylic acid (ACC) oxidase (Guan et al., 1991). In ‘Williams’ pears, 
postharvest calcium infiltration (Wills and Tirmazi, 1982) delayed ethylene 
production and fruit ripening, and similar results were found in fruit from calcium- 
sprayed ‘d’Anjou’ pear trees (Gerasopoulos and Richardson, 1999). However, a 
contrary effect was observed when bananas were dipped in CaCl 2 with or without 
vacuum treatment, where time to ripening was markedly reduced (Wills and Tirmazi, 
1982). 

Lower respiration rates have been also observed in calcium-treated melon slices 
(Luna-Guzman et al., 1999) and in apples, although with very high calcium con- 
centrations, respiration rate increased (Conway and Sams, 1987). 

In addition, an effect of calcium on reducing browning, a result of oxidation of 
membrane phospholipids and polymerisation of polyphenols, has been observed 
(Bramlage and Meir, 1990; Klein and Lurie, 1994), as well as reduction of other 
fruit disorders such as sour core, watercore and internal breakdown (Yuen, 1994). 
Calcium chloride added to the irrigation water of mushrooms reduced postharvest 
browning by maintaining vacuolar membrane integrity and thereby reducing the 
opportunity for tyrosinase to react with its substrates and develop browning (Kukura 
et al., 1998). 

In conclusion, calcium treatments may improve fruit quality during storage and 
increase shelf-life through maintaining fruit firmness, reducing the rate of fruit 
ripening, reducing decay and eliminating specific calcium-related disorders. 



3. POLYAMINE TREATMENTS 

Polyamines (PAs), putrescine (Put), spermidine (Spd) and spermine (Spm), play 
important roles in fruit development and senescence. Exogenous PA applications can 
delay senescence, a physiological process that is usually accompanied by decreases 
in PA levels (Phillip and Russell, 1989). 

The finding that infused PAs delayed fruit ripening suggested that free PAs may 
serve as endogenous antisenescent agents (Saftner and Baldi, 1990). PAs applied 
exogenously are able to bind to several negatively charged molecules such as 
proteins, membrane phospholipids and the nucleic acids DNA, tRNA and rRNA 
(Tassoni et al., 1996). However, in fruit the main targets are cell wall pectic sub- 
stances and PA application may change cell wall stability (Messiaen et al., 1997). 
The ability of PAs to bind to other molecules is due to their polycationic nature at 
physiological pHs and is affected by competition between PAs and cations (Mg^^", 
Cu^"^, and Na’’^), the interaction with Ca^^" being the most studied (Wang et al., 
1993). 

Competition between PAs and other molecules depends on the selectivity of 
the cell wall substances to bind these compounds, expressed as the percentage of 
cationic exchange. However, PAs themselves cannot saturate cell wall binding 
sites. After exogenous application of Pas in apple fruit and lemons, they remained 
protonated or displaced other PAs already bound (Wang et al., 1993; Valero et al.. 
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1998). The effectiveness and role of exogenous application of PAs to isolated cell 
walls has been reported in tissues such as carrots (Messiaen et ah, 1997) where a 
net selectivity for larger polycationic molecules was observed (Spm'*'^ > Spd^"^ > 
Put^"^). 

One of the main effects of infiltrated PA during postharvest life of fruits and 
vegetables is a net increase in firmness. In ‘Golden Delicious’ and ‘McIntosh’ apples, 
infiltration with Put at 1 and 10 mM, Spd at 0.25 and 1 mM, and Spm at 0.25 
and 1 mM increased fruit firmness in treated fruit compared to controls (Kramer 
et ah, 1991; Wang et ah, 1993). Strawberry slices treated with Spd or Spm at 10 
and 100 mM also increased firmness during storage, whereas Put treatment did 
not show any effect (Ponappa et al., 1993). ‘Rutgers’ and ‘Alcobaca-red’ tomatoes 
infiltrated with Put and Spd at 10 mM showed a reduction in the penetrometer defor- 
mation after being submitted to a force of 500 g cm“^ (Law et al., 1991). 

Exogenous application of 1 mM Put in lemons at two different ripening stages 
(at colour break and fully yellow) increased fruit firmness, and a reduction in 
mechanical damage was observed after an applied force of 50 N (Martmez-Romero 
et al., 1999). Figure 2 shows the effect of Put infiltration on fruit firmness in 
lemons at the ripening stage of colour break, in ‘Black Star’ and ‘Santa Rosa’ plums, 
and in ‘Mauricio’ apricots, after a week of storage at 15, 10 and 20 °C, respec- 
tively. Put treatment led to firmer fruit and delayed firmness loss during storage. 
In addition, the firmness levels at the end of the storage period were higher than 
the initial ones in putrescine-treated lemons (data not shown). 

The effect of PAs on increasing fruit firmness can be attributed to their cross- 
linking to the -COO“ group of the pectic substances in the cell wall, resulting in 
rigidification that is detectable immediately after treatment (Abbott and Conway, 
1989; Leiting and Wicker, 1997). This binding also blocks the access of degrada- 




rruits 

Figure 2. Fruit firmness (Magness-Taylor force) of ‘Verna’ lemon, plums (‘Black Star’ and ‘Santa 
Rosa’) and apricot (‘Mauricio’) after a week of storage at 15 °C, 10 °C and 20 °C, respectively. 
Before storage fruits were infiltrated with 1 mM Put (grilled bars) or with distilled water (control, 
white bars). Data are the mean +SE of determinations made in triplicate on five fruits. 
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tive enzymes such as pectinmethylesterase (PME) (Charnay et al., 1992), PE (Leiting 
and Wicker, 1997), and PG (Kramer et al., 1989), reducing the rate of softening 
during storage (Conway and Sams, 1987). PAs can also inhibit the activity of endoPG 
(Kramer et al., 1989), and the effect on these hydrolytic enzyme activities is dose- 
dependent. Thus, at low PA concentrations, activation of the above enzymes was 
observed, whereas higher PA concentrations decreased PE activity (Charnay et al., 

1992) . PA infiltration also ameliorated chlorophyll breakdown in several plant 
organs, such as leaves and fruit. We found that treatments with 1 mM Put in 
lemons, harvested at colour break, delayed the colour change to yellow and reduced 
weight loss during 21 days of storage at 15 °C through the maintenance of higher 
endogenous Put and Spd levels than those found in the control fruit (Valero et al., 
1998). In ‘Santa Rosa’ plum and ‘Mauricio’ apricot. Put treatment also delayed 
the colour change during storage at 10 °C (data not shown). 

In climacteric fruit, in which SAM is a precursor of both PAs and ethylene in 
the biosynthesis pathway, contradictory results have been reported on the inhibi- 
tion of ethylene production after application of PAs. Several tissues, such as avocado, 
pear and tomato, showed a high percentage of inhibition of ethylene biosynthesis 
by PAs due to inhibition of ACC synthase (Saftner and Baldi, 1990; Kakkar and Rai, 

1993) . Eigure 3 shows the effect of putrescine treatment on the ethylene produc- 
tion rate of ‘Mauricio’ apricot, and ‘Black Star’ and ‘Santa Rosa’ plums, during 
postharvest storage. Apricot and the plum cultivars are climacteric fruit, showing 
a peak of ethylene production after harvesting, which was significantly inhibited 
by putrescine treatment, this effect being stronger in ‘Mauricio’ apricots than in 
the plum cultivars. However, in other fruits such as apples, Put treatment did not 
decrease the ethylene production during the normal course of ripening during storage 
(Wang et al., 1993; Kramer et al., 1991). Thus, the relationship between ethylene 
and PA is still unclear. 

Chilling injury (Cl) results in significant increases in Put levels in many fruit, 
such as lemon, grapefruit, zucchini and pepper (McDonald and Kushad, 1986; 
Kramer and Wang, 1989; Wang, 1994; Serrano et al., 1997), whereas in cucumber 




storage days at 20 °C Storage days at 10 °C Storage days at 1 0 °C 



Figure 3. Ethylene production rates during storage of ‘Mauricio’ apricot and ‘Black Star’ and ‘Santa 
Rosa’ plums after infiltration with 1 mM Put (■). Water-infiltrated fruit served as controls (•). Data 
are the mean +SE of determinations made independently on five fruits. 
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seedlings an increase in Spd levels was found after exposure to chilling tempera- 
tures (Wang, 1987). 

Symptoms of Cl that are induced by exposure to chilling temperatures can be 
reduced, in some sensitive tissues, by modifying the pattern of temperature exposure 
(preconditioning temperature treatment) and by exposure to a controlled atmosphere 
for a period. It has been found that a reduction in Cl was associated with increased 
levels of PAs, suggesting that PAs could protect plants from Cl due to their ability 
to preserve membrane integrity. The mechanism could be either by lowering the 
membrane phase transition temperature or by slowing down lipid peroxidation, 
resulting in increased cell viability (Serrano et ah, 1996, and references therein; 
Gonzalez-Aguilar et ah, 2000). 

However, the storage of pepper fruit at 2 °C in modified atmospheres reduced 
Cl and suppressed the increases in Put levels (Serrano et ah, 1997). Similar results 
were found when zucchini squash were treated with high CO2 concentrations before 
storage at chilling temperatures (Serrano et ah, 1998). Thus, it is not clear if the 
increases in PA levels are a protective mechanism against Cl or if they are a tissue 
response to this stress. At the moment, data are not available on the effect of PA 
treatment on reducing Cl in sensitive fruit, and this might clarify the possible role 
of PA in this important problem of the marketing of fruit and vegetables. 



4. GIBBERELLIC ACID TREATMENTS 

Considerable published data exists concerning the effect of gibberellins (GA) on 
senescence, particularly on the ability of GA to inhibit chlorophyll loss in a variety 
of tissues, including leaves, fruits, cotyledons and flowers (Nooden, 1988). However, 
there are only a few reports on the effect of GA treatments on postharvest fruit, most 
treatments being applied to trees before harvesting. 

Preharvest GA treatment is effective in delaying fruit ripening on the tree for 
cherries (Facteau et ah, 1985), citrus fruit (Coggins and Henning, 1988), apricots 
(Southwick and Yeager, 1995) and nectarines (Zilkah et ah, 1997), and preharvest 
GA applications also inhibited fruit ripening and softening during storage in mangos 
and nectarines (Khader, 1991; Zilkah et ah, 1997). 

The most remarkable effect of GA treatments (normally as GA3), in both, pre- 
and postharvest applications, is a net reduction in fruit colour changes. Thus, 
carotenoid synthesis and chlorophyll breakdown in mandarins (Garcia-Luis et ah, 
1992; Nagar, 1993), lemons (El-Zeftawi, 1980) and mangos (Khader, 1992), as 
well as anthocyanin synthesis in strawberries (Martinez et ah, 1994), can be delayed 
by GA treatments. In recent research, Valero et ah (1998) found that postharvest 
infiltration with 100 ppm GA3 of lemon fruit harvested at colour break reduced 
weight loss during storage and delayed colour development in the flavedo. This 
process could be due to the inhibition of carotenogenesis and to the decline in the 
rate of chlorophyll loss, as has been shown to occur in lemons sprayed with GA3 
before harvesting (El-Zeftawi, 1980). 

Postharvest treatment of lemons with GA3 was also effective in reducing weight 
loss during storage, improving fruit quality and storage life (Valero et ah, 1998), 
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and increasing fruit firmness after treatment, thus maintaining high firmness levels 
during storage, as shown in Figure 4. Similar results were observed in postharvest 
GAj-treated peaches, although the differences between firmness of treated and 
control fruit were smaller than in lemon fruit (Figure 4). Likewise, it has been found 
that pre-harvest GA 3 treatments also increase fruit firmness in apricots (Southwick 
and Yeager, 1995) and peaches (Southwick et al., 1995). 

It was also observed that the respiration rate of strawberries is reduced after 
GA 3 treatment at several concentrations, the effect being similar for the different 
ripening stages assayed (Martinez et al., 1994). 

Another effect of the postharvest application of GA is a delay in the degrada- 
tion of ascorbic acid and of the activities of both, a-amylase and peroxidase (Khader, 
1992). Thus, in general, it could be concluded that GA treatment of fruit after 
harvesting might extend the fruit shelf-life, improving fruit quality and storability 
by delaying colour changes, weight loss, softening, etc. 

Nevertheless, most studies of the application of gibberellins have been made 
during flowering and fruit set, showing different results depending on plant species 
and cultivars. In apples and plums, application of GA 3 has been shown to reduce 
fructification and yield rates, but significantly increase fruit weight (Agustf et al., 
1988; Looney et al., 1992). In apricot and peach trees the effect of GA treatment 
was a lower number of flowers appearing in the next season, leading to larger 
fruit size and higher weight, without reduction of total yield, when GA 3 was applied 
early in the season. These effects were not observed after a late season treatment 
(Southwick and Yeager, 1995; Southwick et al., 1995). This treatment also reduced 
the need for fruit thinning (Southwick et al., 1997). 

GA 3 applied to peach trees at the end of pit hardening inhibited fruit matura- 
tion on the tree, delayed harvest and reduced flesh browning after storage. Thus 
the marketing season of this fruit was prolonged by four weeks, and fruit quality 
also improved due to a significant increase in fruit weight and soluble solids 
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Figure 4. Fruit firmness change (Magness-Taylor force) during storage of lemons and peaches 
after GA 3 infiltration (■). Water-infiltrated fruits served as control (•). Data are the mean +SE of 
determinations made in triplicate on five fruits. 
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content (Zhiguo et al., 1999). In this experiment, the increase in fruit weight was 
clearly not the result of thinning hy GA 3 , since the fruit were hand-thinned and 
fruit numbers were controlled at the same levels. GA 3 applied at pit hardening 
may stimulate cell expansion, which occurs after this time in stone fruit, thus 
increasing weight (Zilkah et al., 1997). 

Another effect of GA 3 treatments in mandarins was the reduction in skin thick- 
ness and a greater adherence of the juice segments (Garcia-Luis et al., 1992). In 
plum, GA treatment of trees after bloom increased fruit firmness (Boyhan et al., 
1992), as in apricot fruit, when gibberellins were applied immediately before 
harvesting (Southwick and Yeager, 1995), although application of GA 3 late in devel- 
opment did not lead to an additional increase in fruit firmness (Southwick et al., 
1995). The increase in fruit firmness is attributed to the increased ratio between 
cell wall and cellular volume in those fruit from trees treated with GA 3 , and to 
the greater number of cells in the fruit pericarp (Southwick et al., 1995). Thus, 
this treatment might help to maintain greater mechanical resistance when fruit 
need to be processed, and increase storage time. 

The skin alterations associated with maturation that occur during postharvest 
storage of mandarins, such as cracks, olleocellosis, puffed and senescent fruit, 
could be significantly reduced after several applications of GA 3 on the tree, the effec- 
tiveness of this treatment being limited by the fruit ripening stage. It has been 
proposed that the best time of application would be when levels of this plant hormone 
tend to decline, such as during the initiation of the colour changes (Agusti et al., 
1988). 

Preharvest treatment of fruit with GA 3 also delayed colour changes. Thus, GA 3 
sprays on cactus pear fruit 10 weeks after full bloom delayed the appearance of 
full orange colour of the skin and reduced the rate of colour change during posthar- 
vest storage at low temperature as well as fruit softening (Schirra et al., 1999). 
GA 3 treatment of young strawberry plants improved the weight size and the colour 
of strawberry fruits and enhanced anthocyanin content and phenylalanine ammonia- 
lyase activity (Montero et al., 1998), a key enzyme in controlling anthocyanin 
biosynthesis from phenylalanine. In plum, GA 3 preharvest treatment has also been 
recommended to produce better colour and larger, firmer fruit (Boyhan et al., 
1992). 

In addition, preharvest sprays with GA 3 in mango (Kumar and Sing, 1993), celery 
(Afek et al., 1995) and cactus pear (Schirra et al., 1999), reduced postharvest 
decay, which might be explained by a protecting effect of GA 3 treatment on the peel. 



5. CONCLUDED REMARKS 

The use of naturally occurring chemical compounds, such as calcium, gibberellins 
and polyamines could be used in agronomical formulations at both preharvest and 
postharvest levels. The main effects of these compounds are a net increase in 
fruit firmness, and a delay in colour changes. Both properties are intrinsic factors 
in senescence, and will have economic repercussions, since once the fruit is detached 
from the tree these changes are normally accelerated. 
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6 . ANALYTICAL DETERMINATONS 

Ethylene production was measured by placing each fruit in a 0.5 L glass jar her- 
metically sealed with a rubber stopper for 1 h. One mL of the head space gas was 
withdrawn with a syringe, and the ethylene was quantified using a GC equipped 
with a flame ionisation detector and a 3 m stainless steel column with an inner 
diameter of 3.5 mm containing activated alumina of 80/100 mesh. The results were 
expressed as nanoliters of ethylene released per gram of tissue per hour. 

Magness-Taylor force was recorded using a 5 mm probe mounted on a Universal 
Assay Machine (model LR5K, Lloyd Instruments) interfaced to a personal computer. 
Three measurements were made on equatorial fruit zones at 120°. A bevelled 
holder prevented bruising of the opposite side. The probe moved at 20 mm min“' 
for 10 mm after contacting the skin. The machine determined the maximum force 
of the fruit penetration and the results were expressed in Newton. 
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1. INTRODUCTION 

Few foodstuffs are today consumed in their natural state. Most of them have 
undergone, to a greater or lesser extent, a preservation process, from the simplest 
refrigeration to the most complex sterilisation. The main problem of food today is 
the natural process of deterioration and the preservation method must be adapted 
to the kind of change produced. 

Man has been always multiplying the processes, the innovations for distributing 
the live nature which is simultaneously produced in time and space. This double 
phenomenon of preservation and distribution sustains the human efforts to improve 
the diet. 

The development of the various preservation processes which are today avail- 
able could not have been possible without knowing the essential constituents and 
the main properties of the raw materials. This knowledge was necessary for con- 
trolling and evaluating the different processes of the agrifood industry. 

There are many different causes for the deterioration of foodstuffs, but they 
can be categorised into three main groups: 

- deterioration due to different predators; 

- deterioration from inside: enzyme action; 

- deterioration from outside. 

They firstly affect the organoleptic properties of the product. Then, changes in the 
physical properties can be observed and, finally, chemical and biochemical changes 
occur, which completely decompose the product. 

The ideal preservation system should be a very versatile system able to control 
all these actions and it should be applied without limitations. Ionization tries to 
destroy all the elements which can alter foodstuffs, avoiding the harmful or toxic 
effects on the food which can affect its consumption. 
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2. IONIZATION 

This technology is a physical treatment, like pasteurisation or freezing. During 
the process, food is exposed to the direct action of certain electromagnetic, elec- 
tronic or photon radiation, which is sufficiently high in energy, in order to preserve 
foodstuffs during longer or shorter periods of time while having minimal effects 
on the organoleptic, safety and nutritional quality. 

Although it has been mentioned sometimes that this is a new technology, the 
reality is quite different. Since the discovery in 1895 of X-rays by Roentgen and 
the discovery, one year later, of the radioactive substances by H. Becquerel, the 
biological effects of radiation have been subjected to intense research. In this way. 
X-rays were found to be lethal to micro-organisms and the sterilising effect of radium 
was also discovered. The first studies were focused on the effect of X-rays gener- 
ated in linear accelerators, when the beam of electrons is stopped by a material made 
of atoms with a very high atomic number. Although this equipment was costly 
and its industrial application was not feasible, the first patent for the sterilisation 
of ‘all kind of conditioned foodstuffs in locked metal boxes and exposed to the action 
of X-ray’ was issued in 1930. 

Studies on food irradiation began in the 1940s when Huber suggested the use 
of electron accelerators for treating foodstuffs. In the 1950s, the interest was focused 
on the use of isotopes, due to a forecast of their future abundance and the subse- 
quent fall in the it price. During this decade, the firm Johnson & Johnson presented 
the first commercial application of the technology for sterilising medical devices 
using a linear accelerator and, later, Cobalt-60 as source of gamma rays. 

After World War II, the programme Atoms for Peace was developed. New 
studies on food irradiation started from this programme and are always promoted 
by government entities and sponsored by international organisations with a low 
participation of private capital and initiative (Sendra et al., 1996). Some years 
later, in 1980, the Joint Expert Committee on Irradiation concluded in Geneva: 
‘The irradiation of any food commodity up to an overall average dose of lOkGy 
presents no toxicological hazard; hence, toxicological testing of foods so treated 
is no longer required.’ 

In 1986, the FDA approved food irradiation in USA and, in 1988, the EU 
advised its Member States in a directive to ‘authorise and do not hinder the free 
movement of foodstuffs legally irradiated and correctly labelled’ . In 1989, the 
WHO include in the first ‘Golden Rule’ - choose foods processed for safety - the 
recommendation of consuming poultry treated with ionizing radiation since it offers 
better safety guarantees compared to the nontreated poultry. Finally, the Council 
of Ministers of the European Union has recently agreed the uniformity of regula- 
tions related to food irradiation with the Directives 1999/2/CE and 1999/3/CE in 
the OJEC of 13/3/1999. 
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3. ENERGY SOURCE 

The accelerated electrons or (3-rays are produced in electron accelerators, linear or 
circular, where they are exposed to potential differences which transmit electrons 
extremely high velocities. These velocities condition both the penetration depth of 
the electron into the air and live tissues and the electron capacity for ionizing the 
atoms which interact with the energy of the accelerated electrons. The energy of 
the accelerated electrons expresses their capacity to modify the state of the matter 
they interact with; it is kinetic, like the energy of all moving bodies, and it is a 
function of their mass and the square of their velocity. 

The beam of electrons is quantitatively described and measured in flux, the 
number of electrons passing during 1 s through a 1 cm^ area perpendicular to the 
trajectory. Therefore, it is said that a foodstuff has been bombarded for 1 minute 
with a flow of 10^° electrons per cm^ and per second. 

At present, the most widely used unit is the electrovolt (ev), that is, the kinetic 
energy acquired by an electron when accelerated in an electric field created by a 
potential difference of 1 volt. Obviously, multiples of this unit are usually employed; 
kilo-electron volt (1 KeV = 10^ ev), megaelectron-volt (MeV = 10® ev), gigaelec- 
tron-volt (1 GeV =10^ ev), kinetic energies that electron beams obtain from the 
accelerators. 

A global evaluation of the changes produced by the radiation in the irradiated 
sample is necessary in order to know whether we are correctly irradiating the product 
or not. Since these changes are limited to injuries to the atoms by removal of elec- 
trons and, as we know the precise amount of energy necessary for the changes, 
the evaluation criterion will be the energy gain of the sample or, inversely, the energy 
loss of the radiation during its passage through the sample. 

The energy transfer between the radiation and the irradiated product, which is 
the irradiation dose, will be measured in unit of energy supplied by the irradiation 
per units of irradiated mass. At present and according to the International System 
(IS), where the energy unit is the joule and the mass unit the kilo, the joule/kilo 
has been called gray (Gy), that is the dose corresponding to one joule of energy 
transferred to one kilogram of matter. This is the official and legal unit and its 
correspondence to the old unit is 1 Gy = 100 rads (erg/gram). 



4. USAGE AND APPLICATIONS 

Ionizing radiation modifies the electronic structure of atoms of the food products 
and causes structural, biochemical and physiological changes, allowing its successful 
application for: 

4.1. Disinfestation 

It kills or prevents the reproduction of insects and other parasites. This applica- 
tion can be a substitute for quarantine treatments with methyl bromide. 
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4.2. Blocking of vegetative nuclei 

It inhibits bulb (onion, garlic) and tuber (potato) sprouting. It also stops stem growth 
after harvesting (asparagus, mushrooms). This treatment can substitute for chemical 
inhibitors like maleic hydrazide and isopropyl phenyl carbamate. 

4.3. Reduction in number or total destruction of micro-organisms 

It delays the development of yeasts and moulds which grow even at low tempera- 
tures (from 0 °C to 5 °C). This application is not only suitable for spices and other 
products with a low water content, but also for preservation of fruits like strawberry, 
raspberry and grape. This treatment can substitute for low temperatures or, at least, 
preservation at a higher thermal level (10 °C and 15 °C) and chemical products. 

4.4. Shelf-life extension of fruits and vegetables 

Ionization acts on cellular metabolism and, therefore, delays ripening and senes- 
cence of some fruits and vegetables by inducing a global decrease in respiratory 
activity, ethylene synthesis and moisture loss. 

Although many studies in the literature have focused on the effect of ionizing 
radiation on the metabolism of ripening and senescence of fruits and vegetables, 
there is no evidence of practical industrial applications. 

For the moment, the application of (3-rays or accelerated electrons to fruits and 
vegetables has addressed to disinfestation(in order to avoid quarantine treatments), 
sprouting inhibition and elimination of micro-organisms. 

However, the possibility for combining this technology with others like refrig- 
eration and controlled or modified atmosphere, by packaging in plastic films with 
suitable permeability for each product, will allow new applications for controlling 
ripening. 

The strict regulations regarding pest control for imported agricultural products 
and the bans or restrictions regarding the use of fumigant and sterilising agents, 
like ETO, EB and MB, have caused many countries which import agricultural 
products to demand quarantine treatments. 

The studies carried out have stated that ionization can be an interesting alterna- 
tive to fruit disinfestation; it ensures the death of eggs, larvae and pupae of insects 
up to 99.9968%, depending on the ionization dose (Burditt, 1982). 

Different studies have been developed about the use of (3-rays as an alternative 
to traditional disinfestation procedures, and many reviews on doses, application 
methods and effects on nutritional and sensory quality have been also carried out 
(Moy et al., 1992; IAEA, 1991, 1992, 1993). In general, doses between 0.15 kGy 
and 0.5 kGy are high enough for securing the safety state of fruits while not affecting 
quality (IAEA, 1993). 

Many countries have authorised fruit ionization for disinfection or even as 
quarantine treatment for importation. In general, the maximum dose authorised is 
1 kGy and the products treated are citrus and tropical fruits like mango, papaya, 
guava, pineapple, litchi, etc. (Hallman, 1999). 
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At present, blocking of vegetative nucleus to inhibit bulb and tuber sprouting 
is tbe most widespread application, and a very significant reduction in losses due 
to sprouting during potato, onion and garlic storage is obtained. The effectiveness 
of the treatment depends basically on the sanitary and vegetative states and the 
variety, although under adequate conditions and at very low doses, between 0.05 and 
0.15 kGy, sprouting is inhibited and the product can be stored at room tempera- 
ture (Tbomas, 1984a, b). 

Another interesting application of ionization is the increase in the shelf-life of 
fruits and vegetables for their fresh consumption. This can be achieved by two 
different mechanisms. Firstly, the reduction or destruction of micro-organisms which 
cause the fruit’s deterioration and quality loss. The second, is the modification of 
the cellular metabolism which induces a delay of ripening and senescence. 

In general, this application must be combined with other preservation methods. 
The most used one is refrigeration, alone or in combination with contributory systems 
like controlled or modified atmosphere (Baccaunaud, 1988; Baccaunaud and Chapon, 

1985) . 

The ionization allows the inactivation or delay of the development of bacteria, 
yeasts and moulds which can contaminate fruits and vegetables during post-har- 
vesting and which impede their commercialisation (Scandella and Foures, 1987). 
Although the dose initially depends on the kind of flora found in the product, the 
vegetative state and the level of contamination, levels between 3 and 4 kGy are 
usually employed. But in some cases of Clostridium, Alternaria and Botrytis, the 
dose must be increased up to 7 and 8 kGy (Josephson and Peterson, 1983; Kader, 

1986) . Baccaunaud (1991) has reviewed the effects of ionization on the develop- 
ment of micro-organisms in different fruits, especially strawberry, vegetables, like 
lettuce, and 4th range products (ready-to-eat). He has found that the period of time 
between harvesting and ionization treatment is critical in the reduction of losses 
due to development of micro-organisms during low temperature storage. 

The possibilities for applying ionization to control ripening and senescence of 
fruits and vegetables in order to extend the storage period after harvesting and, there- 
fore, the shelf-life have been studied since the 1960s. But many basic and applied 
issues are still without research and evaluation. 

The effects on these processes are due to modifications or changes in the fruit 
at the cell level. For this circumstance, the necessary treatment doses are very 
low, generally below 1 kGy, although they depend on the kind of fruit and the 
sanitary and ripening states. 

It has been proved already that ripening is the result of an active and geneti- 
cally controlled mechanism. However, this mechanism is not the same for all kind 
of fruits, although the physiological processes implied are similar. This difference 
has caused the categorisation of fruits into ‘climacteric’ and ‘non-climacteric’. In 
the first kind of fruits, ethylene is responsible for the commencement of ripening. 
In the second group, there is no conclusive scientific evidence indicating the 
compound which induces the gene expression, although some researchers have 
suggested that the triggering element could be abscisic acid (ABA). 

It is obvious that the greater the information about the effects of ionization on 
the biosynthetic pathways of both compounds, the higher the possibilities for 
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obtaining satisfactory results in the delay of ripening and senescence. However, only 
a few studies have been carried out regarding ethylene stimulation or inhibition 
and the delay or bringing forward of the ethylene crisis. 

These effects, as has been mentioned above, depend on the treatment dose. For 
pear and peaches (climacteric) and cherry and strawberry (non-climacteric), doses 
below 4 kGy stimulate ethylene synthesis while higher doses inhibit it (Kader, 1986). 
For other tropical and subtropical fruits, ripening has been delayed by inhibiting 
ethylene-dependent processes at doses between 0.25 and 0.35 kGy and, after the 
storage period, the process mechanisms have been activated by ethylene exoge- 
nous treatments (Akamine and Moy, 1983; Thomas, 1986). These responses with 
respect of ethylene synthesis seem to be similar to these when facing any kind of 
stress, with a more or less rapid and intense increase, although in the case of non- 
climacteric fruits the production returns to normal values when the stress ceases. 
However, in raspberries treated at 4 and 2 kGy, ethylene levels which are 50% lower 
than that of controls have been found (Larrigardiere et ah, 1987). In the case of 
cherry tomato, ionization induces the production of stress ethylene with an increase, 
after 24 hours, of ACC and ethylene associated with an increase in ACC synthase, 
causing the acceleration of ripening. The dose also has a significant effect on ethylene 
production, and ripening acceleration and synchronisation (Larrigardiere et ah, 1991). 

Many ionization studies have been carried out on tropical and subtropical fruits, 
although their results have not always been satisfactory and they have even been 
contradictory. Many reviews describe the effects of the ionizing radiation on ripening 
and senescence, the modifications suffered by the fruits during preservation and 
the economic implications of this technology (Morris, 1978; Shewfelt, 1986; Sendra 
et ah, 1996; Lacroix and Ovattara, 2000; Kader, 1986; Cox, 1997). 

As in other kinds of preservation processes, each species and fruit variety 
shows a different behaviour in response to ionization, and the obtained results do 
not always secure the delay of ripening and the extension of shelf-life. These 
differences are very significant since this technology cannot be generally applied 
to all agricultural products, even at the recommended doses for the desired objec- 
tive: disinfestation, micro-organisms elimination, etc. 

Baccaunaud (1991) and Boisseau (1998) have reviewed the different applica- 
tions of ionization in the agrifood industry and for preservation during post- 
harvesting. They state that, regarding treatments of fruits and vegetables for fresh 
consumption, doses over 1 kGy are not advisable since they can affect organoleptic 
characteristics. Some applications reveal opposite effects, ripening is accelerated 
in peaches and nectarines, or negative effects, degradations of the chemical com- 
position slightly affecting quality in citrus fruits, plums, grapes, apples, pears and 
avocados. 

Studies carried out on foods of plant origin suggest that each application requires 
a precise dose, and due to the fruit structure and composition the effects of the 
treatment must be checked. Therefore, when the aim is to replace disinfestation or 
quarantine treatment, doses must be between 0.02 and 0.15 kCy and, when the 
blocking of vegetative nucleus is the main goal, the levels must be increased up 
to 0. 1-0.6 kCy. Regarding control of ripening, the maximum dose recommended 
is 1 kGy, since it has been found that, when fruits are treated at 1.5 kCy, undesir- 
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able modifications in the fruit composition affecting quality are observed. Finally, 
when the main objective is the destruction or reduction of the microbial load, the 
level must exceed 2 kGy and even reach the maximum allowed level of 10 kGy, 
although for delaying the development of bacteria and yeasts the doses range between 
3 and 4 kGy. 

The different recommended doses state that different applications cannot be 
treated with a unique dose and that changes in quality must be avoided. Although 
the determination of the highest dose that a fruit can tolerate is not an easy task, 
Kader (1986) considers that values between 1.0 and 3.0 kGy accelerate the softening 
of tissues and flavour losses depending on the species, and he recommends not 
exceeding 3 kGy. 

Obviously, ionizing radiation is not a global solution for all the problems found 
in post-harvesting preservation of fruits and vegetables. It can even show some incon- 
venience when doses are very high or the operating parameters are not correctly 
controlled. 



5. EFFECTS OF IONIZATION ON FRUITS AT CELLULAR LEVEL 

As previously mentioned, the maximum energy approved for food irradiation do 
not reach a level high enough to destabilise the nucleus of the atom and to induce 
an artificial radioactivity. But it is high enough to move electrons from the outer 
orbital levels and to cause, sometimes, the breakage of bonds in molecules, causing 
the ionization of the medium and the creation of negative and positive ions. These 
ions are extremely unstable, with a lifetime less than one million millionth of a 
second (ACINF, 1986), and they decompose rapidly to form very reactive molec- 
ular forms known as ‘free radicals’, which have an unpaired electron in one of 
their outer orbitals. Free radicals can react with each other or with molecules, 
resulting, at the end of the radiolysis process, in stable compounds named ‘radiolytic 
products’. 

The effects of ionizing radiation on foodstuffs can be direct or indirect. In 
the first case, the radiation acts directly on the matter causing the breakdown of 
molecules like DNA and other food constituents. In the second case, the radiation 
acts through water radiolysis and, therefore, the different water radiolysis products 
will react with other compounds causing significant chemical changes, like hydroper- 
oxide formation. 

Although the presence of some radiolysis products of low molecular weight, 
mainly from the breakdown of molecules of the initial products, has been detected 
due to the direct action of radiation on foodstuffs, most of these compounds are a 
consequence of the indirect action of water radiolysis because the free radicals 
produced have a high reactivity and a high mobility in an aqueous medium. 

When gamma rays, X-rays or accelerated electrons interact with a water molecule, 
its ionization can be produced, causing the loss of an electron (e“) and the forma- 
tion of an ion (H20^). In the first I0“'“s the free radical OH“ (HjO^ -i- HjO — > 
+ OH“), is formed, and the excitation leads to the split of the water molecule 
into two free radicals, and OH“ (HjO — > OH“) (Calderon, 2000). 
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These radicals have an extremely short life and, because they have an unpaired 
electron, a high reactivity and they can combine with themselves to form the initial 
molecule or to produce radiolysis products. Regarding water, the principal constituent 
in foods, ionization leads to the formation of both hydrogen peroxide (H 2 O 2 ), a strong 
oxidising agent, and the free radicals hydrogen radical (ff) and hydroxyl radical 
(OH-). 

Whether by the direct action or by the free radicals produced by water, the 
initial products can undergo modifications which, in certain cases, can result in radi- 
olytic compounds. Therefore, while the peptide bonds of proteins are very stable 
and are not broken at the normal radiation doses applied to foodstuffs, in amino 
acids, especially those with sulphide or aromatic groups, deamination, decarboxy- 
lation and desulphuration reactions can be produced resulting in different radiolytic 
products like hydrogen, ammonia, carbon dioxide, hydrogen sulphide, organic 
acids and amides (Taub et al., 1979). 

The amount of radiolytic compounds which can be formed from carbohydrates 
is a direct function of the water content of the foodstuff and, when dehydrated 
products are ionised, practically no modifications are produced. The action of the 
free radicals produced by water can result in the oxidation of the hydroxyl groups, 
and the formation of gluconic acid and 2-deoxy-gluconolactone (von Sonntag, 1980), 
modified sugars and short-chain carbonylated derivatives (Francois, 1987). 

In the presence of oxygen, the constituents most affected by radiation are lipids, 
and oxidative reactions which modify their physico-chemical properties take place 
(RTVA). Unsaturated fatty acids are firstly transformed into alpha and beta unsat- 
urated carbon compounds (Nawar, 1983); later, hydroperoxyl radical (R-0-0°) is 
formed and, finally, hydroperoxide radical (R-O-OH) is obtained. These are very 
unstable compounds and they can be broken down, resulting in different radiolytic 
products like alcohols, aldehydes, ketones, lactones, hydroxyacids, etc. These oxida- 
tive reactions can modify not only some characteristic properties of the fats found 
in foods like peroxide value, fusion point, viscosity, etc., but also some of these 
compounds also have a disgusting odour and they accentuate the rancid flavours and 
odours. 

For many years, it has been considered that the free radicals and the radiolytic 
compounds formed could involve risks for the health of consumer and it has even 
been stated that they could be radioactive or involve toxic risks for consumption. 
These beliefs have delayed for a long time the industrial application of this preser- 
vation technology. However, many research teams have been studying, during that 
period of time, the potential applications to foodstuff preservation and the changes 
and modifications that the foodstuff composition can undergo (Urbain, 1986; 
Josephson and Peterson, 1982, 1983; Lacroix and Ovattara, 2000). 

As a consequence of this exhaustive research, this technology is today admitted 
and recommended for certain applications by the Codex Alimentarius Commission 
(1984), and more than 37 countries have approved ionization of more than 40 
foodstuffs. Many studies have shown the non-toxicity of ionised foodstuffs, and it 
has been determined that the free radicals and radiolytic compounds formed are 
quantitative and qualitative identical to those detected in other preservation processes 
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and food preparations like sterilisation, pasteurisation, freezing, roasting, etc. (Dich, 
1995; Thorne, 1991; Truhaut and St. lebe, 1978; St-lebe et al., 1982). 

Both in fruits and plants, the formation of superoxide and hydroxyl ions, as 
well as of hydrogen peroxide responsible for significant damages at the cellular level, 
is produced not only when they face environmental stresses, like extreme temper- 
atures, herbicides, droughts, salinity, etc., but also it can occur naturally during 
the ripening process, causing structural and metabolic changes which accelerate fruit 
senescence. 

Today, it is accepted that oxidative processes are involved in ripening and 
senescence, and toxic levels of superoxide or hydrogen peroxide can be reached 
in the plant (Bowler et al., 1992). The free radicals seem to participate in the 
plant senescence affecting ethylene synthesis and membrane integrity (Paulin et 
al., 1986). 

An increase of hydroperoxides (H 2 O 2 and lipid hydroperoxides) has been detected 
in ripening and senescence of banana (Thompson et al., 1987), pepper (Imahori et 
al., 2000) and pear (Du and Bramlage, 1994). 

If free radicals accelerate the ripening process or, in other words, shorten the fruit 
shelf-life, and if during ionization these oxidised forms are produced, this technology 
does not seem the most appropriate one for delaying fruit ripening and senescence. 
But, positive effects of ionization on the delay of ripening and senescence for 
some fruits have been reported (Akamine and Goo, 1971; Khan and Muhammed, 
1969; Baccaunaud, 1991; El Assi et al., 1997; Min et al., 1996; Pauli, 1996; Miller 
and McDonald, 1996; Abbas et al., 1992; Larrigardiere et al., 1991; Iglesias et 
al., 2000) and, therefore, different possibilities can be taken into account for 
explaining these contradictions. Since the level of irradiation energy is a determining 
factor in the ionization and radiolysis of molecules, when very low doses, between 
0. 1 and 1 kGy, are applied for delaying ripening, free radicals accumulation would 
probably not be substantial and, due to the fruit morphology, their migration through 
the medium should not be excessive and their recombination should be favoured. 
Another possibility is that the fruit has mechanisms for inactivating the radiolytic 
molecules as they form and for avoiding the damages they produce in cellular 
structures. 

In order to avoid these damages, plant cells possess oxygen scavengers or antiox- 
idants, metabolic pathways of detoxification enzymes and repair mechanisms. Certain 
enzyme systems like superoxide dismutase (SOD), peroxidases, catalases, ascor- 
bate peroxidase, and enzymes of the ascorbate-glutathione cycle, are known to 
fulfil these purposes (Fridovich, 1975, 1983; Ros Barcelo et al., 1987; Miyake 
and Asada, 1992; Minguez-Mosquera et al., 1993; Halliwell, 1996). 

Among them, the SODs catalyse the dismutation of the superoxide ion (0'~2) 
to H 2 O 2 (Bowler et al., 1994; Van Camp et al., 1994), protecting the cells from 
the toxic effects of this ion which is produced in different cellular locations 
(Fridovich, 1986; Halliwell and Gutteridge, 1989; Del Rio et al., 1992). The influ- 
ence of this enzyme on the senescence processes of certain fruits during storage 
has been confirmed. In fact, it has been found that the shelf life of some varieties 
of melon is related to the levels of the antioxidant SOD enzymes, catalase and 
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peroxidase, which scavenge the free radicals and prevent the lipid peroxidation 
(Lacan and Baccou, 1998). 

Peroxidase is a haemoprotein which catalyses the transformation of the H 2 O 2 
formed by the SODs into water and oxygen, freeing the plant cell from a phyto- 
toxic product. The increase of this enzyme during ripening of blueberries (Miesle 
et al., 1991), papaya (Silva et al., 1990), peaches (Quesada et al., 1992), tomatoes 
and pears (Frenkel, 1972; Brennan and Freckel, 1977) and grapes (Calderon et 
al.,1993) and during melon senescence in storage (Lacan and Baccou, 1998), has 
been described. 

Ascorbate peroxidase (APX) is the most significant hydrogen peroxide scavenger 
in the plant cell. It is part, together with glutathione reductase and dehydroascor- 
bate reductase, of the ascorbate-glutathione cycle. This enzyme has been related 
to ripening processes in pepper {Capsicum annuum), and an increase of its activity 
in the chromoplasts of the ripe pepper has been found. 

Catalase and the ascorbate-glutathione cycle are significant in H 2 O 2 scavenging 
and, although their properties and needs are different, their functions are parallel. 
Thus, catalase does not need a reducing agent and it has a high reaction rate and 
a low affinity with hydrogen peroxide, so it removes high amounts of H 2 O 2 
(Willekens et al., 1997). On the contrary, APX needs a reducing agent (ascorbate) 
and it has a great affinity with H 2 O 2 , scavenging small amounts of H 2 O 2 in specific 
locations. Its antioxidant capacity depends on the stress severity and on the species 
and development state. These are tetrameric enzymes including haemo groups in 
their prosthetic group, which transform H 2 O 2 in H 2 O and O 2 , thus protecting the 
cell from the toxic effect of the H 2 O 2 . 

The studies on melon preservation (Lacan and Baccou, 1998) also stated that 
the close SOD/catalase relationship is significant and that the joint action of both 
enzymes delays melon senescence, supporting the suggestion of Lestter (1990) about 
the possibility of the control of this process by high levels of antioxidants which 
inhibit the activity of the lipoxygenase. 

Non-enzymatic hydrophilic free radical scavengers are found in cytosolic, mito- 
chondrial and nuclear compartments. Among them, ascorbate and glutathione (GSH) 
are the most significant ones (Bendich et al., 1986; Gerard-Monnier and Chaudiere, 
1996). Ascorbate is an electron donor while GSH preferably act as a proton donor 
(H"^). The radical ascorbate is very stable and it is very slowly converted into 
ascorbate and dehydroascorbate through a radical ascorbyl. Ascorbate is regener- 
ated from the dehydroascorbate by the glutaredoxin from GSH. At a physiological 
pH, its ene-diol structure is in the form of its conjugated base AH“, a fact that 
can explain why it acts as an electron donor in the free radical scavenging. 

Vitamin C is considered one of the most effective and less toxic natural antiox- 
idants (Bendich et al., 1986; Weber et al., 1996). As a free radical scavenger, 
ascorbate has shown to be effective against the radical anion superoxide, H 2 O 2 , 
the radical hydroxyl and singlet oxygen. Wang and Jiao (2000), in a study using 
juice of different berries, concluded that vitamin C is the best antioxidant against 
H 2 O 2 and the worst against radical OH“. 

Other antioxidant scavengers are the carotenoids, which are integrated in cell 
membranes and their activity is mainly due to the presence of many double bonds. 
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These compounds mainly act on the radicals 'O 2 and peroxyls (Palozza and Krinski, 
1992). Against singlet oxygen, carotenoids can act in two different manners, chemical 
and physical (Truscot, 1990). One of the main antioxidant properties of the 
carotenoids is that they remove the singlet oxygen, lycopene being the compound 
with the highest activity against free radicals. The carotenoid (3-carotene has been 
described as the most active compound against 'O 2 , but it is inactive against hydrogen 
peroxide (Wang and Jiao, 2000). 

As a consequence of the nutritional significance of these antioxidants, the effect 
of the ionising radiations on their stability in different fruits after harvesting and 
in different preservation conditions has been studied (Nagai and Moy, 1985; Beyers 
and Thomas, 1979; Thomas and Janae, 1975; Beyers et al., 1979; Mosqueda-Cabrera 
and Carrasco, 1978). 

On the contrary, it is worth mentioning the lack of studies regarding the rela- 
tionship between ionising radiations different detoxifying systems for free radicals 
and hydrogen peroxide and the formation of lipid peroxides. Therefore, we 
have considered it interesting to deal with this issue in two fruits, pepper and 
almond, which show a chemical composition perfectly fitted to the goals of our 
study. 



6. EFFECTS OF IONIZATION ON DETOXIFYING ENZYMES 

IN PEPPER 

For studying the effects of ionization on detoxificant enzymes, peppers (Capsicum 
annuum, var. California) in their green state which were irradiated with acceler- 
ated electrons by the firm lONMED have been used. Peppers were visually selected 
trying to obtain fruits with a similar weight and green colour. Samples of 50 fruits 
were take and ionized at 1, 3, 5 and 7 kGy. One control sample remained untreated 
and it was later subjected to the same preservation process as the treated fruits. After 
the ionization, the fruits were stored at 5 ± 1 °C, and periodic samples were taken 
after 1, 3, 7, 13 and 17 days. These were kept at 20 °C for 3 days before carrying 
out the following analytical determinations: lipid peroxidation (Heath and Packer, 
1968), SOD (Beyer and Fridovich, 1987), ascorbate peroxidase (Nakano and Asada, 
1981), catalase (Aebi, 1984) lipoxygenase (Minguez-Mosquera et al., 1993) and per- 
oxidase (Fielding and Hall, 1978). The identification of the isoenzymes of peroxidase 
was carried out according to Biles et al. (1997). The ultrastructure of treated and 
control fruits was carried out by techniques of electronic microscopy according to 
Olmos and Hellm (1996). 

Photo 1 shows the different ripening states of the pepper fruits treated with the 
different irradiation doses and of the untreated ones at the end of the experiment 
(20 days after the treatment). As can be observed, there are significant differences 
regarding the ripening state and the fruit appearance. Therefore, untreated fruits 
changed to a red colour, typical of this fruit in the mature state, while the treated 
fruits remained green except those treated at 7 kGy. However, differences can be 
found also in treated fruits depending on the doses. At 1 and 3 kGy, the fruit 
appearance maintained nearly all the initial physical properties, while the fruit treated 
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CONTROL 



Photo 1. Appearance of control and irradiated (1, 3 and 7 kGy) pepper fruits 20 days after the 
treatments. 



at 5 (not shown) and 7 kGy had a less smooth appearance and a colour verging 
on purple. 

Photo 2 shows the electronic micrographs of the control fruits and of the fruits 
treated at all irradiation doses. In harvested pepper fruits, epidermal and hypodermal 
cells of the pericarp contained normal chloroplasts, mitochondria and peroxisomes 
(Photo lA and B). However, after gamma irradiation (1-7 kGy), we observed a 
moderate separation of plasma membrane from the cell wall. The number of per- 
oxisomes was significantly reduced after gamma irradiation at 1-3 kGy doses (Photo 
1C and D), and peroxisomes were not observed after the 5-7 kGy treatments 
(Photo IE and F). Chloroplasts of pericarp cells treated with gamma irradiation over 
5 kGy showed altered chloroplast structure, they contained abundant plastoglobuli 
and altered thylakoids structure (Photo IE). Treatment with 7 kGy, destroyed the 
chloroplasts inner structure, however it seemed to delay the degradative processes 
of starch grains (Photo IF). After doses higher than 5 kGy, the vacuolar structure 
showed ruptures of the tonoplast and degradation of the cytoplasm could be observed 
also. The vacuole contains abundant vesicles and osmiophilic materials, which 
may be a sign of autophagy (Photo IE and F). 

In view of these results, it has been considered interesting the study of some 
biochemical parameters related to pepper preservation and ripening, in order to obtain 
more information about the defence mechanisms occurring in the cell in response 
to the radiolytic compounds formed by the irradiation treatment and, therefore, to 
develop treatment protocols in order to obtain of more hygienic and better preserved 
fruits during the storage period. 

In order to elucidate the effect of these treatments on the integrity of the cellular 
membranes, lipid peroxidation (Figure 1) and the lipoxygenase activity (Figure 2) 
have been studied. These graphs show a similar behaviour of both parameters, 
with a gradual increase as the irradiation dose increases, an increase which is prac- 
tically constant during the storage period for lipid peroxidation and with slight 
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Photo 2. Effect of irradiation on the ultrastructure of pepper fruits. (A and B) Images of a control 
fruit. (C, D, E and F) Fruits irradiated at 1, 3, 5 and 7 kGy respectively. Magnifications = lOOOOx. 
CW = cell wall; V = vacuole; Cl = chloroplast; S = starch granules; P = peroxisomes; In = invagina- 
tion; Arrows = separation point of the plasma membrane. 



increases for lipoxygenase activity at day 7 of treatment and with a downward 
trend until the end of the studied period. 

The enzymatic systems with antioxidant properties which are able to act in dif- 
ferent organelles of the plant cell as a defence mechanism against free radicals, 
formed because of the treatment and because of the physiological mechanisms occur- 
ring during the storage period, were also studied. 

Figure 3 shows the catalase activity, which acts on hydrogen peroxide and 
which, as can be observed, is reduced almost proportionally to the treatment dose, 
especially at 5 and 7 kGy, showing slight decreases in activity until the end of the 
studied period. According to the micrographs of photo 2, this could be due to the 
nearly total disappearance, in the highest treatments, of the peroxisomes of the 
plant cell, the organelle where this enzyme acts. 

The peroxidase activity, as has been mentioned and due to its unspecific condi- 
tion, has been related to the resistance against different diseases and nutritional status 
of the plants (Bostock and Sterme, 1989; Reuveni et ah, 1992), protection against 
H 2 O 2 and other oxidising agents (Abeles et ah, 1992), tolerance to drought (Smirnoff 
and Colombo, 1988) and senescence (Lauriere, 1983). 
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Figure 1. Influence of irradiation dose applied and storage period on lipid peroxidation in pepper 
fruits. 
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Figure 2. Evolution of lipoxygenase activity during storage period and irradiation dose applied in pepper 
fruits. 

An increase in activity of this enzyme during ripening has been described in 
different kinds of fruits (Miesle et al., 1991; Silva et al., 1990; Quesada et al., 
1992; Frenkel, 1972) and in senescence during the storage of melon (Lacan and 
Baccou, 1998). This increase of the peroxidase activity in fruits and vegetables 
has been associated with a decrease in the quality of both kinds of products (Burnette, 
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Figure 3. Evolution of catalase activity during storage period and irradiation dose applied in pepper 
fruits. 



1977). During ripening of chili fruits the cuticle becomes thicker, a fact that has 
been related to resistance to diseases. In this case, both the total activity and the 
number of isoenzymes of peroxidase increase during this period (Biles et al., 1993). 

In our experiment, this activity (Figure 4) increased in all irradiated fruits when 
compared to control fruits, but this increase is not directly related to the irradia- 
tion dose. Therefore, the highest values of this activity were found in fruits treated 
at 3 kGy. At the beginning of the storage period, fruits treated at 1 kGy showed a 
higher activity in comparison to those treated at 5 and 7 kGy, but from day 10 onward 
the fruits treated at 5 kGy showed a higher activity of this enzyme. This seems to 
agree with the chromatographic data shown in Photo 3, where we can observe the 
influence of these treatments on the different isoenzymes of peroxidase. In the control 
fruit only a band of pi < 6, which is repeated in all treatments, is found and it 
seems to correspond to a highly anionic peroxidase which may be related to suberi- 
sation and the damages to plant tissues caused by the treatment. However, in fruits 
treated at 3 and 5 kGy three other moderately ionic isoenzymes with pi between 
6 and 7 are induced. The band of pi close to 9, which appears in fruits treated at 
3 and 5 kGy, corresponds to a cationic isoenzyme probably related to the soluble 
fraction, that is induced as a response to the stress of the treatments. 

Ascorbate peroxidase (APX) (Figure 5) is the most significant scavenger of 
hydrogen peroxide in the plant cell. Its presence in chloroplasts is essential for main- 
taining photosynthetic activity and it has been related to ripening processes in 
Capsicum annuum. An increase of its activity has been found in the chromoplasts 
of the ripe pepper (Schant et al., 1995). Our results, however, show a gradual 
decrease in this activity in comparison to control fruits, which can be observed 
from day 4 of the treatment for all irradiation doses and with slight variations for 
each one of the storage periods under study. 
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Figure 4. Evolution of peroxidase activity during storage period and irradiation dose applied in 
pepper fruits. 
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Photo 3. Isoenzymes of peroxidases for control and irradiated (3, 5 and 7 kGy) pepper fruits. 




The SOD activity in pepper fruits has been studied by Rabinovich and Sklan 
(1981) and, more recently, by Imahori et al. (2000). These authors found that the 
SOD activity increases as the fruit ripening advances. Figure 6 shows the evolu- 
tion of the SOD activity in relation to the storage period and the irradiation doses 
applied, and it can be observed that the activity in the control fruit gradually increases 
as the storage period advances and slightly decreases at the end of this period, 
when the fruit is red. In fruits treated at the different irradiation doses, the SOD 
activity gradually decreases, depending on the intensity of the treatment, and the 
decrease is more obvious at 5 and 7 kGy. 
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Figure 5. Evolution of ascorbate peroxidase activity during storage period and irradiation dose applied 
in pepper fruits. 



35 - 
30 - 
25 - 




10 - 
5 - 



0 




CONTROL 

-^IKGy 

-•-3KGy 

-e-5KGy 

^*-7KGy 




1 1 i 1 

4 7 10 16 20 



DAYS 



Figure 6. Evolution of SOD activity during storage period and irradiation dose applied in pepper 
fruits. 



7. INFLUENCE OF IRRADIATION ON THE 
LIPID FRACTION OF ALMOND 

In almond irradiation treatments, the lipid degradation processes are very signifi- 
cant since the lipid fraction is 50-60% of the total composition of the fruits and, 
within this fraction, 80-90% corresponds to mono- and polyunsaturated fatty acids 
(Sanchez-Bel et ah, 2002). The main problems for the irradiation of fat-rich foods 
are the reactions of lipid oxidation, which result in volatile compounds with a dis- 
gusting odour, a fact limiting their shelf-life, even in foods with fat levels under 
1% (Bello-Gutierrez, 2000). 
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The degree of fatty acid unsaturation is a significant factor in the oxidation rate 
of lipids; while saturated fatty acids oxidise at temperatures higher than 60 °C, 
polyunsaturated fatty acids oxidise during the food storage period, even at freezing 
temperatures. Therefore, the lipid fractions of materials like almond fruit, due to 
their high degree of unsaturation can he oxidised when they are irradiated. 

Free radicals are formed during the lipid degradation and, in the presence of 
oxygen, they produce an accumulation of lipid peroxides, wich are very unstable 
and reactive substances (Nawar, 1983). Compounds formed during the reactions 
of lipid oxidation include carbonylic, aldehyde and ketone compounds (Wills, 1981). 
The reaction of the carbonyl group with proteins or the secondary oxidation of some 
aromas causes the ‘rancid odour’ which makes the product inedible (St-lebe et ah, 
1982). 

In almond, the predominant fatty acids are the oleic and the linoleic acids 
(Lopez-Andreu et ah, 1985; Garcia et ah, 1996), both being unsaturated acids with 
1 and 2 double bonds respectively, a fact increasing the relative oxidation rate in 
comparison to other foods of plant origin. Moreover, when the unsaturated lipid 
content is high, rancid flavours and odours are more pronounced and can be easily 
detected. 

Although it has been found that lipids are sensitive to irradiation and that the 
presence of oxygen accelerates the autoxidation (Diehl, 1990), some authors have 
stated that, after long storage periods, the end products of oxidation are not dif- 
ferent to those found in non-irradiated lipids (Urbain, 1986). 

Almonds of the variety Guara were irradiated. They were supplied by the dried 
fruits co-operative El Manan (Pinoso, Alicante, Spain) and they have an average 
fat content of 55%. The almonds without tegument were packaged in 10 X 15 cm 
bags with 100 g of sample in each one. For fruit irradiation, batches were made 
according to the different treatment doses and one was kept untreated as control 
sample, although it was subjected to the same handling as the treated ones. The 
irradiation doses were 3, 7 and 10 kGy. The storage took place at 20 ± 1 °C and 
samples were taken at days 7, 14, 21, 28, 43, 58, 71, 121 and 157. 

The fat extraction was carried out with ether-petroleum at 40-60 °C in a Det- 
Gras extractor (Selecta). The peroxide value was determined for the extracted fat 
and it was calculated according to the methods described in the A.O.A.C. (1966). 

The fatty acids composition was analysed in a CG14A gas chromatograph 
(Shimadzu) with a FID detector and a TR-Wax capillary column 0.25 mm X 25 m 
(Technokroma). The detector and injector temperature was 235 °C. 



8. EFFECT OF THE IRRADIATION ON THE PEROXIDE VALUE 

Figure 7 shows the evolution of the peroxide value of the almond Guara, treated 
at 3, 7 and 10 kGy as well as the control, stored at 20 °C during 157 days. 

An increase of fatty acid oxidation during storage is observed both in control 
and treated fruits. The peroxide value increases from 0.34 to 3 meq O 2 /K of seed 
in control fruits, while in ionised fruits values of 3.7 meq O 2 /K are achieved at doses 
of 3 and 7 kGy and 5 meq O 2 /K when the maximum dose of 10 kGy. This increase. 
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Days 

Figure 7. Evolution of the peroxide value in the fat of almond irradiated at different doses and stored 
at 20 °C for 157 days. Treatments were carried out on blanched almonds at the doses: control, 3 kGy, 
7 kGy, 10 kGy. 



determined from the UV values, is not linear, since different curves are found 
depending on the dose and the storage period. 

These results indicate that the peroxide value of the fat of the almond Guara 
stored for 5 months at 20 °C is not affected hy ionisation with accelerated elec- 
trons at doses helow 7 kGy, the levels being the same as the control samples without 
irradiation during the 157 days that the almonds were kept at 20 °C. 



9. EFFECT OF THE IRRADIATION ON THE 
FATTY ACIDS COMPOSITION 

Figure 8 shows the results of the analysis of the contents of oleic, stearic, linoleic, 
linolenic and palmitic acids. Regarding saturated fatty acids, the content of stearic 
acid (18:0) does not significantly change with the irradiation doses (Figure 8A). 
On the other side, the palmitic acid (16:0) shows a significant increase at 3 kGy 
and a lower one at 3 and 7 kGy (Figure 8B). The total of unsaturated fatty acids 
was almost the same in all samples, both control and treated (80%). After irradia- 
tion, the percentage of linoleic acid (18:2) slightly decreased (Figure 8C) whereas 
linolenic acid (18:3) did not vary (Figure 8D), except for the 3 kGy dose where 
an increase was observed. 

The percentage of oleic acid increased for all treatments, the higher the dose, 
the higher the increase (Figure 8E). This increase was higher as the storage period 
advanced, and it could be the result of the delay of the desaturation of oleic and 
linoleic acids as an effect of the irradiation (Todoriki et ah, 1992). 
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Figure 8. Fatty acid composition in almond irradiated at different doses and stored at 20 °C for 157 
days. Treatments were carried out on blanched almonds at the doses: control, 3 kGy, 7 kGy, 10 kGy. 
(A) Estearic acid, (B) Palmitic acid, (C) Linoleic acid, (D) Limolenic acid and (E) Oleic acid. 



In order to verify if the irradiation doses had affected the organoleptic charac- 
teristics of the almond, a sensory analysis was carried out where different sensory 
attributes were evaluated after 121 days of storage. 



10. EFFECT OF IRRADIATION ON THE 
ORGANOLEPTIC PROPERTIES OF ALMOND 

In order to verify if the irradiation doses had affected the organoleptic character- 
istics of the almond fruits, after 121 days of storage a selected and trained panel 
of 5 tasters carried out a sensory analysis assessing the following sensory attrib- 
utes: sweetness, colour, texture, bitterness, rancidity and overall appreciation. For 
the assessment of the attributes, a numerical scale from 0 to 5 has been used; with 
5 being the highest sensory quality. 
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Figure 9 shows the numerical value assigned by the tasters to each of the analysed 
attributes. In general, a decrease in quality, in storage time, is observed both in 
control and irradiated fruits, although some marked differences can be found for 
the latter between doses of 3, 7 and 10 kGy. 

A storage period extended to 4 months at 20 °C negatively affected control 
almonds: colour, texture, sweetness and overall appreciation did not reach the 
maximum value of 5, which is considered optimum for consumption, and they 
remained at values between 3 and 3.5. In samples ionised at 3 and 7 kGy, these same 
attributes reached similar values, suggesting that treatment at these doses does not 
affect these organoleptic parameters. 

This situation is also observed for rancidity, the attribute indicative of fat oxi- 
dation. Although the values for doses of 3 and 7 kGy are slightly lower than those 
of the control (around 0.4), the taster panel did not observe substantial differences 
between the three samples regarding rancid flavour. 

On the contrary, the dose of 10 kGy shows a completely different profile. The 
very low values for global appreciation (1) and rancidity (2) show that, at the 
maximum level of authorised dose, changes in the lipid composition are produced, 
with the formation of hydroperoxides favouring oxidation and the appearance of 
the rancid flavours detected by the tasters. These differences are not found regarding 
colour and sweetness, a fact which seems to indicate that the glucidic fraction is 
not affected and that fat oxidation does not induce changes in colour which can 
be detected by sensory analysis. 




Figure 9. Profile of the sensory analysis of almond irradiated at different doses, after 121 days of storage 
at 20 °C. Treatments were carried out on blanched almonds at the doses: control, 3 kGy, 7 kGy, 
10 kGy. 




90 



J. R. Martinez-Solano et al. 



These results show that high-dose treatments up to 7 kGy do not induce an 
increase of lipid oxidation nor do they considerably affect the organoleptic quality 
of the almond. 

Regarding almond, a fat-rich foodstuff with a low water content (between 3 
and 4%), it has been stated that the effect of ionising treatments on the lipid degra- 
dation processes is lower than could be expected because of the high fat content 
and the fatty acid composition. This stability against ionisation may be due to the 
low water content, which impedes the mobility of free radicals and peroxides formed 
during oxidation, and to the high content of tocopherols, antioxidant compounds 
found in almond. Treatments with doses under 10 kGy produce changes in the 
lipid composition and an increase in the peroxide value, but they do not affect 
organoleptic properties, as observed by the taste panel. This is not so when the 
maximum dose of 10 kGy is reached. In this case, changes are greater and this is 
reflected in the organoleptic quality of the fruit. 
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1. INTRODUCTION 

More than one third of the perishable food crops produced in the world are lost 
after harvest. Horticultural crops are perishable products that are harvested seasonally 
and are subsequently subject to ripening, senescence, microbial and pests infesta- 
tion, water loss, anatomical, morphological and compositional changes. Therefore, 
the development of adequate postharvest treatments for fresh horticultural food crops, 
and their optimum use are of great necessity and economic importance. Adequate 
postharvest treatments should reduce losses, and preserve perishable foods to meet 
consumer demands for constant availability and good quality throughout the year. 

There have been significant changes in food consumption habits in the last two 
decades, with a major shift towards the consumption of fresh fruits and vegeta- 
bles due to health concerns. Consumer demand for high quality, fresh, nutritious, 
and conveniently prepared food items has increased dramatically in recent years, 
and has led to the requirement of adequate technologies to preserve these food 
products. Fruits and vegetables are an excellent source of vitamins, minerals, and 
phyto-chemical compounds that are vital for health. They play a significant role 
in meeting the dietary requirements of these essential nutrients if they are consumed 
in adequate amounts along with other food types. 

Various treatments and techniques can be employed in order to control meta- 
bolic changes, prevent spoilage and preserve quality in perishable food crops. The 
objective of this review is to briefly describe some of the important techniques 
and treatments that are already used or could be used to minimise postharvest losses, 
and to preserve perishable food crops. 



2. HARVESTING AND HANDLING METHODS 

The delicacy of the crop, time required for harvesting, economics and the labour 
availablity determines the amount of damage a crop sustains and this has direct 
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impact on its shelf-life. The produce could be cut or damaged by coming into contact 
with a sharp object. A crop may suffer compression bruising by overfilling boxes 
or stacking too many boxes. Susceptibility to compression bruising depends on 
type of crop, cultivar, moisture content and may be influenced by cultural prac- 
tices. Impact bruising results when the crop is dropped or hit and the damage may 
not always be externally visible, sometimes only becoming obvious over storage. 
Vibration bruising occurs usually during transport due to inadequate filling of the 
boxes or incorrect loading of the transport vehicle. It can result in surface damage 
and an undesirable increase in produce respiration. Damage to the crop can be limited 
by using equipment to tight fill boxes, box dividers, liners to cushion boxes and 
pallets and special sprung transport vehicles (Thompson, 1996). 

Many fruits and vegetables are typically picked by hand and graded and packed 
either in the field or in a packinghouse. A picking bag attached to the hand during 
harvesting can reduce damage to perishable crops. Harvesting tree fruit by hand 
is more difficult and involves the use of a ladder or picking platform. Various 
bags and other fitments used on picking poles can be used to aid harvesting and 
reduce damage. Cutting the fruit stalk during harvest as oppose to pulling or twisting 
can reduce the incidence of rotting during storage. Low growing vegetables are 
also hand picked, some root crops i.e. beetroot, can be pulled by hand and others 
have to be dug from the ground using a fork or similar tool (Thompson, 1996). 

Fruit to be processed may be picked mechanically by tree shakers, wind machines 
or combing machines. Some fruits are collected by sweeping up or using canvas 
sheets under the trees. Mechanical harvesting of vegetables may involve ‘viners’ for 
crops such as peas or beans, for root crops ploughs, subsoilers and other tillage tools 
may be used. Crops such as lettuce and cabbage may be cut by hand, then packed 
and cooled through an automated system (Thompson, 1996). 



3. MINIMAL PROCESSING 

Some fruits and vegetables are lightly processed to reduce loss and to increase 
marketability before final distribution. Minimally processed fruit and vegetables 
are those prepared for convenient consumption and distribution to the consumer 
in a fresh-like state. Minimal processing refers to process steps such as trimming, 
peeling, washing, slicing or shredding before packaging, which make the product 
ready-to-use (RTU) by the consumer (Figure 1). Such products include prepared 
salads, precut vegetables, peeled fruit and whole vegetables, sold within 7-8 days 
of preparation, after storage at a low temperature (Barry-Ryan and O’Beirne, 2000a). 
Many factors influence the quality of minimally processed fruit and vegetable 
products, including growing conditions and cultural practices, cultivar (Barry- 
Ryan, 1996), maturity at harvest, harvesting and handling methods, peeling process 
(Barry-Ryan and O’Beirne, 2000b), slicing method (Barry-Ryan and O’Beirne, 
1998), inspection standards, and the duration and condition of storage before and 
after processing (Barry-Ryan and O’Beirne, 1994). 
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Vegetables prepared and trimmed 
Washed (soil and grit removed) 

i 

Chopped, diced or shredded 
Washed and/or dipped in antimicrobial solution 

i 

Spin dried or air dried 

; 

Packaged and stored at 3-5°C 

Figure 1. Typical preparative sequence for the production of ready-to-use vegetable products (Barry- 
Ryan, 1996). 



4. CURING 

Several crops, such as potatoes and sweet potatoes are easily injured during harvest 
because they have to be dug from the ground, and therefore need to be cured. Curing 
immediately after harvest is a simple and effective method to reduce water loss 
and decay during postharvest storage of root, tuber, and bulb crops. Curing is a 
process that involves the synthesis of new tissue, commonly through lignification 
or periderm formation. This process is essential to cure cuts and reduce water loss, 
fungal infestation, and hence reduce losses during postharvest handling. Curing is 
commonly done at high temperatures and high relative humidites. Curing in sweet 
potato roots heals the wounds by promoting epiderm formation, and makes the roots 
less likely to ‘skin’ during further handling (Blankenship and Boyette, 2002). 
Sweet potato roots are commonly cured at 30 °C and 85% relative humidity (RH) 
for about one week (Blankenship and Boyette, 2002). However, curing at near 100% 
RH was found to be best for avoidance of weight loss due to root injuries (Kushman, 
1975). In root and tuber crops, curing refers to the process of wound healing with 
the development and suberization of new epidermal tissue called wound periderm. 
The type of wound affects periderm formation. Abrasions result in the formation 
of deep, irregular periderm, while cuts result in a thin periderm, and compressions 
and impacts may entirely prevent periderm formation. In bulb crops, curing refers 
to the process of drying (some water loss takes place) of the neck tissues and of 
the outer leaves to form dry scales. Onions and garlic can be cured in the field where 
they are undercut, then hand pulled, the roots and tops are trimmed and the bulbs 
then are allowed to dry in field racks or bins from 2 to 7 days or longer (depending 
on ambient conditions). Where ambient conditions are unfavorable, curing may be 
done in rooms with warm forced air. Onions develop the best scale color if cured 
at temperatures of 25 ° to 32 °C. Citrus fruit may also be conditioned by exposing 
to high temperatures and RH to reduce skin injury and decay, however the fruit 
can be sealed in plastic film to reduce weight loss (Ben Yehoshua et al., 1989). 
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5. COOLING 



5.1. Low Temperature 

Temperature and relative humidity are the most important factors that inflnence 
the quality of perishable food crops after harvest. Therefore, cooling is an impor- 
tant techniqne for the preservation of perishable food crops (Hardenbnrg et al., 1986). 
So far, there are no other techniqne nor treatment (either alone or in combination) 
that can substitnte for the nse of refrigeration for the preservation of fresh horti- 
cultural crops, and all the treatments and techniqnes available can only be used to 
supplement refrigeration. Low temperature can reduce respiration rate, ethylene 
production and action, increase tissue resistance to ethylene action, delay tissue soft- 
ening, delay compositional breakdown of macromolecules (such as carbohydrates, 
pigments, lipids), delay senescence, control the development of decay organisms and 
pests, and thus prolongs the postharvest life of food products. Enormous quanti- 
ties of foods are been lost, especially in developing countries, due to the lack of 
temperature control and the inadequate management of cold stores. 

5.2. Pre-cooling 

Pre-cooling (or fast cooling) is the process by which field heat is rapidly removed. 
It is essential that field heat be removed very soon after harvest from several crops, 
especially those that are very perishable. There are several methods of pre-cooling 
including room cooling, forced-air cooling, hydro-cooling, vacunm cooling, evap- 
orative cooling, and package or top icing. The selection of the ideal pre-cooling 
method for each crop depends on several factors such as the perishability of the crop, 
tolerance to water, chilling sensitivity, surface to volume ratio, market requirements, 
etc. Pre-cooling can be done before or after packing depending on the type of 
product, its perishability, type of packing, etc. 

5.3. Refrigerated storage 

Refrigeration is nsed to maintain the low temperature of the crop during storage. 
Cold storage rooms should be adequately designed, with sufficient refrigeration 
capacity to maintain the desired low temperature, and should be only one storey 
bnilding (not multistory, as it is the case in some Sonth Asian conntries). Multi- 
storey cold rooms are inefficient in cooling, very difficult to manage, and the 
long-term costs will be very high. Constant monitoring and strict control of storage 
temperature is essential (Bord Glas, 1993). 

5.4. Chilling injury 

Horticultural crops differ in their sensitivity to low temperature. Generally, crops 
of temperate origin and some sub-tropical crops can tolerate temperatures just above 
their freezing point. However, most crops of tropical and sub-tropical origin are 
sensitive to very low temperatures. Low temperature injury occurs at different 
temperatures (from 0 to 18 °C) depending on the type of crop, maturity stage, and 
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storage duration. Various physiological and biochemical alterations as well as cellular 
disfunction occur due to chilling injury (Cl). Some of these alterations include 
increase in respiration rate and in ethylene production, increase in activation energy, 
reduction in photosynthetic activity, alteration in energy production, slowing in 
protoplasmic streaming, increase in tissue permeability, enzyme inactivation, 
membrane disfunction, and alteration of cellular structure (Wang, 1993). Exposure 
to prolonged periods of chilling stress will lead to irreversible symptoms such as 
surface lesions and pitting, internal discoloration, water-soaking of the tissue, off- 
flavour, failure to ripen, and decay. Cl is reported to be due to a change in the 
physical state of biological membranes (Lyons, 1973). Alterations in the amount and 
composition of membrane phospholipids and sterols can protect the tissue from 
Cl (Guy, 1990). 

Reducing of Cl symptoms can be achieved through different means such as 
conditioning in high or low temperatures, intermittent warming, waxing, modified 
and controlled atmospheres. However, the ideal method to control Cl symptoms is 
to avoid storing products below their ideal temperatures. 



6. HEATING 



6.1. Drying treatment 

Dehydration is typically used for the long-term preservation of fruits and vegeta- 
bles, and usually alters the nature of the crop. However, drying can be used to extend 
the shelf-life of bulb crops, such as onions and garlic, while maintaining their 
fresh appearance. A surface barrier develops during drying, which prevents water 
loss and microbial infection. This is done at a constant temperature of 30 °C and 
70% RH over 7 to 10 days. 

6.2. Hot water treatment 

Hot water treatment can be successful in the control of microbial growth, both 
spoilage and pathogenic, on fruit and vegetables. Produce may be dipped to control 
fungal growth, as spores reside mainly on the peel or the immediate tissue under- 
neath (Lurie, 1998). Many fruits and vegetables tolerate exposure to 50-60 °C for 
up to 10 min, but shorter exposure at these temperatures can successfully control 
many postharvest plant pathogens (Barkai-Golan and Phillips, 1991). Decay of blue- 
berries was reduced by up to 90% when the fruit was dipped for 3 minutes at 
46-55 °C (Burton et al., 1974). Hot water treatment for insect control in mango 
requires exposure periods of 65 to 90 min (depending on fruit weight) at 46.1 °C 
or higher. These treatments can accelerate the metabolic activity and can cause injury 
to the fruit if not used adequately (Yahia and Campos, 2000). Care should be taken 
when hot water dipping is used in conjunction with brushing to avoid damage and 
bruising. McCollum et al. (1995) reported that cucumber fruit could withstand 
immersion in 42 °C water for 30 min and that such treatment enhances chilling 
tolerance. Immersion in heated water was also shown to inhibit Cl in citrus fruit 
(McDonald et al., 1991). 
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Hot water may also be applied using a spray machine. This is a technique designed 
to be part of a sorting line, whereby tbe commodity is moved by means of brush 
rollers through a pressurised spray of hot water. By varying the speed of the brushes 
and the number of nozzles spraying the water, the commodity can be exposed to 
high temperatures for 10-60 sec. The water is recycled, and because of the tem- 
peratures used (50-70 °C), organisms that are washed off the product into the 
water do not survive (Prusky et ah, 1997). 

Postharvest treatment with fungicides in conjunction with a hot water treatment 
can be highly effective. Heated solutions (45 °C) of sulphur dioxide, ethanol or 
sodium carbonate have been used to control green mould on citrus fruits (Smilanick 
et ah, 1997). These compounds were as effective as imazalil at 25 °C in control- 
ling artificial inoculations of the fungus. 

6.3. Vapour heat treatment 

Vapour heat treatments consist of heating products with air saturated with water 
vapour at temperatures of 40-50 °C to kill insect eggs and larvae as a quarantine 
treatment before fresh market shipment (Animal and Plant Health Inspection Service, 
1985). Studies have shown the beneficial use of vapour or moist forced air to dis- 
infect several fruits and vegetables from various insect pests. Heat transfer is by 
condensation of water vapour on tbe cooler fruit surface. In modern facilities, tbe 
vapour heat includes forced air that circulates through the pallets and heats the 
commodity more quickly (Lurie, 1998). Commercial facilities operate in several 
countries, mainly for subtropical and tropical fruits, particularly mango and papaya 
(Pauli, 1994). 

Vapour heat treatment involves a warming period that can be regulated depending 
on the commodity’s sensitivity to high temperatures. This is usually followed by 
a holding step when the interior temperature of the produce reaches the desired 
temperature for the length of time required for killing the insect. The cooling down 
is by either air cooling (slow) or hydro-cooling (fast). These steps can be manip- 
ulated to find the best combination to eliminate the insect pest without damaging 
the commodity. 

6.4. Hot air treatment 

Hot air can be applied by placing fruit or vegetables in a heated chamber with a 
ventilating fan, or applying forced hot air with the circulation speed tightly con- 
trolled. Hot air chambers have been constructed and utilised to study physiological 
changes in fruits and vegetables in response to heat (Ortega and Yahia, 2000; 
Lurie, 1998). 

Forced hot air has been used to develop quarantine procedures (Gaffney and 
Armstrong, 1990) and decrease fungal infections (Lurie, 1998). Tbe high humidity 
in vapour heat can damage some fruits, while the slower heating time and lower 
humidity of forced hot air can cause less damage. 

Dry air heat treatments have been shown to reduce Cl in a wide range of 
horticultural crops including mango (McCollum et ah, 1993), tomato (Lurie and 
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Klein, 1991), cucumber (Chan and Linse, 1989), and avocado (Woolf et al., 1995; 
Roman and Yahia, 2000). Woolf et al. (1997) showed that extreme Cl (flesh gelling) 
was observed in non-heated fruit, but increasing the temperature of the hot air 
treatments progressively reduced flesh gelling and alleviated Cl. However, external 
and internal browning also increased with greater heat treatments and duration. 
Although hot air treatments confer significant protection against low temperature 
damage to persimmon fruit, heat damage needs to be reduced before such benefits 
can be applied commercially (Woolf et al., 1997). 

In the astringent persimmon ‘Triumph’, postharvest hot water treatments for 
2-5 h at 40-60 °C resulted in significant decreases in astringency levels (Ben- 
Arie and Sonego, 1993). It is therefore possible that postharvest heat treatments may 
reduce residual soluble tannin levels. 

6.5. Radio frequency treatment 

Radio-frequency (RF) heating has been reported successful for blanching vegetables 
and for quarantine treatment of fresh fruits (Ikediala et al., 2000). Orsat et al. 
(2001) recommended that RF treatment could be used as part of an integrated 
approach, including proper packaging and adequate refrigeration, to improve the 
storability and food safety of ready-to-use carrot sticks. Radio-frequency is produced 
when alternating electric field is developed between electrodes where the product 
is placed. The molecules of the product continuously re-orient themselves, thus 
causing friction that results in rapid heating throughout the product. 

6.6. Responses of commodities to heat treatments 

The inhibition of ripening by heat may be mediated by its effect on the ripening 
hormone, ethylene (Lurie, 1998). Hot air treatments at 35^0 °C inhibit ethylene 
synthesis within hours in both apples and tomatoes (Biggs et al., 1988; Klein, 1989). 
Although disinfestation procedures for mango and papaya with hot forced air for 
4 hours at 50 °C led to faster softening after the treatment (Pauli, 1994). Heat-treated 




Figure 2. Schematic view of Radio Frequency application to carrot sticks placed in a thin layer between 
the electrodes (Orsat et al., 2001). 
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mangoes had higher skin colour ratings, reflectance and chroma values, and lower 
hue angles than untreated fruit, indicating an enhancement of ripening. 

Respiration rate is enhanced initially by high temperatures of 35-40 °C (Lurie 
and Klein, 1991), but for extended times at high temperatures the rate decreases. 
When fruits return to ambient temperature often the respiration rate is lower than 
non-heated fruits (Klein and Lurie, 1990). The response of a particular crop will 
result from a combination of factors such as preharvest environmental conditions, 
exposure temperature and duration, whether the commodity is removed from heat 
to storage or to ripening temperature, and whether the heat treatment causes damage 
(Lurie, 1998). 

Flavour characteristics of fruits can be affected by heat treatments. Titrable acidity 
declines in heat treated apples (Klein and Lurie, 1990), nectarines (Lay-Yee and 
Rose, 1994), and strawberries (Garcia et ah, 1995a). In some commodities, sugar 
content is favourably affected by heat treatment. Heat treatment prevented sugar loss 
in muskmelons (Lingle et ah, 1987), squash sucrose content increased (Bycroft et 
ah, 1997) and Golden Delicious’ apples were perceived as sweeter (Klein et ah, 
1997a). Some sugars such as trehalose and sucrose might be involved in the resis- 
tance of fruits to heat injury (Yahia and Balderas, 2000). Hot air treatment (38 C 
and 50% RH for 24 hrs) decreased the development of the characteristic and the 
content of ascorbic acid in tomato fruit (Yahia et ah, 2000a). 

Heat treatments were suggested as a viable alternative to chemicals for disease 
control, and could also be used to inhibit sprouting in potatoes (Hide, 1975). Hot 
water treatment has the potential to replace chemical fungicides to control crown 
rot in banana (Kerl et ah, 1998). Ideally, heat treatment should be lethal to surface 
pathogens and ‘cauterise’ eyes without damaging the nutritional and processing qual- 
ities of the potato (Kerl et ah, 1998). It should be possible to attain both objectives 
with a single treatment. However, factors such as size of tuber, depth of eyes and 
penetration of colonies in the tissue may result in situations where the application 
of the required lethal dose of heat also disrupts the storage quality to a significant 
extent. A key issue, regardless of type of treatment, is the time over which it is effec- 
tive. This depends on the post-treatment storage conditions to be implemented 
(Kerl et ah, 1998). Potato tubers can be safely stored for 12 weeks at 8 °C without 
sprouting, if dipped in a 57.5 °C hot water bath for 20-30 min. Neither electron 
microscopy of starch granules, nor puncture tests or chroma analysis provided 
evidence of damage due to the heat treatment (Ranganna et ah, 1998). 

Fruits and vegetables are known to respond differently to different types of 
stress such as heat (Yahia et ah, 2000b). For example, mango fruit is very tolerant 
while guava fruit is very sensitive (Yahia and Balderas, 2000). The mechanism(s) 
for heat tolerance/sensitivity in fruits and vegetables is(are) not well understood. 
The basis for response to heat stress include synthesis of heat shock and other 
proteins, effect on wall degrading enzymes, electrolyte leakage, ethylene synthesis, 
etc. (Lurie, 1998). Some sugars are known to ameliorate some forms of stress. 
The accumulation of trehalose, a non reducing disaccharide consisting of two 
a-glycosidically linked glucose units, has been associated with the alleviation of 
different types of stress, and it may serve as a protectant of enzymes and membranes, 
particularly under conditions of heat and desiccation stress (Yahia and Balderas, 
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2000). The sensitivity/tolerance of mango and guava fruits to heat was correlated 
with the content of sucrose and trehalose and with the activity of trehalase (Yahia 
and Balderas, 2000). 



7. COATING 

Fruits and vegetables contain a natural epicuticular wax layer. This layer is impor- 
tant as a barrier for gas exchange and for water loss. This layer generally deteriorates 
and may even be lost during harvesting and postharvest handling treatments (such 
as washing, hot water treatments). Therefore, waxing or coating is common in several 
fruits and vegetables such as citrus fruits, tomatoes, and cucumbers to restrict 
water loss and gas exchange. In addition, waxing or coating also provides a shiny 
or glossy appearance for fruits (Glenn et al., 1990), and may even protect against 
the invasion of some micro-organisms and insects (Markstadter et al., 2000). The 
modification of the internal atmosphere by coating can be severe if the coating 
layer is thick, and therefore fermentation and production of off-flavour could occur 
(Hagenmaier and Shaw, 1992; Mannheim and Soffer, 1996). 

Wax was the first coating material to be used. The Chinese applied wax coatings 
to oranges and lemons in the 12th and 13th centuries, and observed that waxed fruits 
could be stored longer than non-waxed fruits (Park, 1999). In the 1930s hot- melt 
paraffin waxes became commercially available as edible coatings for fresh fruits 
and vegetables. Currently, there are four types of materials that are commonly 
used for edible coating: polysaccharides, resins, proteins, lipids, or a blend of 
these compounds (Nisperos-Carriedo et al., 1991). For lipids, materials used 
include paraffin wax or oil, beeswax, carnauba wax, candelilla wax, mineral oil 
and vegetable oils. Resin materials commonly used include shellac wood resin 
and coumarone indene resin. Lipid and resin-based coatings are commonly used 
in whole fruits and vegetables; however, they can cause anaerobic respiration at high 
temperatures. These coating materials do not adhere to hydrophilic cut surfaces, 
and thus they are not effective on pre-cut or lightly processed products. 
Polysaccharide-based coating such as pectin, starch, cellulose, gums, alginates, 
and carrageenans, have good gas barrier properties, they adhere to cut surfaces 
because they are hydrophilic, but are poor moisture barriers. Cellulose is used in 
several commercial coatings such as ‘Pro-long’, ‘Semperfresh’, ‘Nature-Seal’, and 
‘Snow-White’. Chitosa, a deacetylated form of chitin, is used in the commercial 
coating material ‘Nutri-Save’ . Several materials are used for protein-based coatings 
including casein, sein soy, and egg albumen. The benefits of applying edible coating 
to fresh intact or lightly processed vegetables include slowed ripening and browning, 
and delayed colour, flavour, moisture and firmness loss. Barry-Ryan and O’Beirne 
(1999a) found that the overall appearance of RTU carrot discs could be improved 
through the use of cellulose based edible coating. Edible coatings prevented drying 
out and hence white tissue development of these products, but the use of lipid 
based coatings was limited by affects on taste and oily appearance. The limita- 
tions for the use of edible coatings for RTU products could be overcome by 
developments in thin layer application, adhesion and drying procedures. Edible 
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coatings provide a barrier to moisture, oxygen and solute movement, and conse- 
quently reduce metabolism and oxidation reaction rates. Carrots were treated with 
cellulose-based coating, packed and stored at 1 °C for 28 days. The carotene reten- 
tion was 15% greater in the edible coating treatments versus control treatment through 
the 28 days. Carrots treated with the lower pH edible coating had the highest CO 2 
and lowest O 2 concentrations in the headspace. White index scores were significantly 
lower in both coated samples. Ethylene production was greatest in carrots treated 
with the lower pH coating on removal from sealed bags to air after each storage 
period. Edible coating improved carotene retention and retarded surface whitening 
in lightly processed carrots during postharvest storage (Peiyin and Barth, 1998). 



8. ETHYLENE TREATMENT AND CONTROL 

Ethylene (C 2 H 4 ), the ripening hormone, is the simplest organic compound known 
to affect the physiological processes in plants. Ethylene is naturally produced by 
all plant tissue, triggers several effects at very low concentrations (ppm or less), 
and regulates many aspects of development and senescence. 

Ethylene is synthesised from the amino acid methionine, which is activated by 
ATP to produce S-adenosylmethionine (SAM). SAM is converted to 1-aminocy- 
clopropane-1 -carboxylic acid (ACC) by ACC synthase, and ethylene is produced 
from ACC with the aid of ACC oxidase. The regulation of ethylene biosynthesis, 
at least in climacteric fruits, seems to depend both on the ACC availability and 
on the capacity of the tissue to convert ACC to ethylene. ACC can be regulated 
by its rate of synthesis and conversion to ethylene as well as by its conjugation to 
malonyl-ACC (Yang and Hoffman, 1984). Ethylene regulates the activity of ACC 
oxidase (Eiu et ah, 1985a), ACC synthase (Bufler, 1984), and malonyl-ACC trans- 
ferase (Liu et ah, 1985b). Generally, climacteric crops produce more ethylene 
compared to non-climacteric crops. However, the exposure of all horticultural 
crops to ethylene accelerates their senescence. 

Ethylene is commercially used in postharvest handling to accelerate ripening 
and/or to improve the colour of several fruits such as bananas, tomatoes, and oranges. 

Ethylene causes several problems such as tissue softening, abscission, and opening 
of flowers. Exposure of carrots to ethylene was highly correlated with the forma- 
tion of phenolic compounds, such as isocoumarin, that contribute to the development 
of bitter flavour during storage (Lafuente et ah, 1989). 

The elimination of ethylene from the environment delays ripening and senescence 
of several horticultural crops. Removal of ethylene or ethylene action can be achieved 
in different ways including ventilation, cooling, the use of scrubbers (commonly 
on the basis of using potassium permanganate) or inhibitors of ethylene synthesis 
(such as amino-ethoxy- vinyl-glycine (AVG)), or ethylene action (such as silver thio- 
sulphate (STS) and 1-MCP). AVG inhibits ACC synthase activity (Bufler, 1986; 
Halder-Doll and Bangerth, 1987). Cobalt ions inhibit ACC oxidase activity (Yu 
and Yang, 1979). Silver ions inhibit ethylene binding to receptors (Saltveit et ah, 
1978; Veen, 1983). STS is widely used to counteract the effect of ethylene, espe- 
cially during the postharvest handling of ornamentals. The active ingredient of 
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STS is silver ion (Ag+). 1-MCP is effective in delaying fruit ripening and in reducing 
ethylene-induced deterioration. However, some negative effects are observed such 
as possible lack of ripening uniformity, and reduced flavour quality. 1-MCP is 
used commercially on ornamentals, but its commercial use on edible products is 
not yet approved. 1-MCP blocks the ethylene receptor without requiring contin- 
uous exposure, suggesting a permanent binding to the ethylene binding site. New 
ethylene receptors could be regenerated (Sisler and Blankenship, 1993). 



9. IRRADIATION 

Irradiation is a physical treatment of food using high-energy, ionising radiation, such 
as gamma rays, x-rays, electrons, and microwaves. Gamma irradiation is commonly 
done by using the isotopes cobalt 60 or cesium 137. The treatment may be applied 
to horticultural produce for different purposes. It can be used for the prevention 
of germination and sprouting of potatoes, onions and garlic, disinfestation by killing 
or sterilising insects that infest grains, dried fruit, vegetables or nuts, to retard 
ripening and aging of fruits and vegetables, prolongation of the shelf life and pre- 
vention of food-borne diseases by reducing the number of viable micro-organisms, 
or reduction of micro-organisms in spices and herbs. 

In practice, the use of this technique is rather limited, although it is authorized 
in many countries it is expensive and not accepted by many consumers. The use 
of irradiation for food preservation at a maximum dosage of 1.0 kilogray (kGy) 
has been approved by the U.S. Food and Drug Administration (FDA, 1987). The 
FDA regulates all aspects of irradiation in USA: what products it can be used on, 
what dose can be used, and how those products are labeled. All irradiated products 
must carry the international symbol, radura, which resembles a stylized flower. FDA 
requires that both the logo and statement appear on packaged foods, bulk con- 
tainers of unpackaged foods, on placards at the point of purchase (for fresh produce). 

Commercial use of irradiation for sprout inhibition in potatoes is widely applied. 
It offers an alternative to chemicals for use with potatoes, tropical and citrus fruits, 
grains, spices, and seasonings. It can also be used to effectively eliminate those 
pathogens that cause foodborne illness, such as Salmonella. However, since no 
residue is left in the food, irradiation does not protect against reinfestation like insect 
sprays and fumigants do. 

Irradiation dosage that kill insects and eradicate diseases can also damage the 
fruit. Only marginal disease control is achieved when mango is treated with doses 
lower than 1 kGy, but the fruit is damaged with doses above 0.5 kGy. Doses of 
1.8 to 2.4 kGy are needed to kill fruit flies or prevent the normal completion of 
the next successive life stage (Burditt and Seo, 1971; Moy et al., 1971; Dollar 
and Hanaoka, 1972; Moy 1985). Lower doses of 0.15 to 1.0 kGy can disinfect 
fruit flies in mango by allowing the emergence of only sterile adults (Balock et 
al., 1966; Burditt et al., 1981; Burditt and Seo, 1971). The International Consultive 
Group on Food Irradiation has recommended 150 Gy as a minimum doses for treating 
eggs and larvae of tephritid fruit flies to prevent emergence of normal adults and 
has adopted 300 Gy as a generic disinfestation to sterilize any adults or emerging 
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from treated larvae or pupae. Third instar larvae of the Mediterranean fruit fly 
{Cerartitis capitata) do not emerge from the pupae when treated with a dose of 
250 Gy. Upadhyay and Brawbaker (1966) reported the control of seed weevil in 
‘Haden’ and ‘Pairi’ mangoes by using irradiation. 

Boag et al. (1990) observed that irradiation delayed the ripening of less mature 
‘Kensington Pride’ mangoes. However, they also found that the exposure to irra- 
diation resulted in skin de-greening. Better responses were obtained by using lower 
irradiation doses (0.25 kGy) in combination with other treatments such as anti- 
transpirant vaporgard (Hassaballa et ah, 1983) and use of maleic hydrazide (Rashid 
and Farooqui, 1984). 

Irradiation at 0.25 kGy did not affect pH, total soluble solids, or titratable acidity 
(Akamine and Goo, 1979). Taste and aroma were not affected by irradiation (Moy 
et al., 1971). However, Akamine and Goo (1979) reported skin scalding, but no 
damage to the pulp, with a dose of 0.25 to 1 .00 kGy. Irradiation increased carotenoid 
content in ‘Carabao’ mangoes (Herrera and Valencia, 1965), and caused slight 
impairment of flavour in ‘Irwin’ and ‘Sensation’ mangoes (Hatton et al., 1961). Nair 
(1972) reported a 15-25% reduction in whole fruit texture and 15-30% reduction 
in pulp texture after irradiation at 0.25-0.35 kGy. Irradiation at 1.00 kGy or above 
caused a considerable increase in polyphenol oxidase activity during subsequent 
storage. The increase in enzyme activity paralleled the external manifestation of irra- 
diation injury. The activity of NADP malic enzyme, which usually increases during 
ripening, was significantly lowered by irradiation (0.75 kGy) (Dubery et ah, 1984). 
The effect of gamma rays on apple storability has been researched from the stand- 
point of controlling certain physiological changes as well as reducing spoilage caused 
by fungal pathogens. Some reduction in disease incidence has been achieved with 
relatively high doses of gamma irradiation (Beraha et al., 1961; Temi and Harada, 
1969). 

However, a high dose of gamma irradiation had adverse effects on texture and 
other fruit qualities. These effects can be reduced by using combined treatments 
of irradiation plus modified atmosphere (Okamoto et ah, 1972), surface coating (Park 
et al., 1971), chemicals (Roy and Mukewar, 1973), heat (Langerak, 1982) or calcium 
treatment (Kovacs et ah, 1988). Brodrick and Thord-Gray (1988) found that hot 
water (55 °C for 5 min) and irradiation (0.75 kGy) were excellent in controlling 
anthracnose and soft brown rot during storage and transport. Thomas and Desai 
(1976) recommended lower doses of irradiation in combination with other treatments 
for the delay of ripening and to reduce postharvest spoilage. Irradiation effects 
depend on harvesting season, growing year and variety (Al-Bachir, 1999). 
Application of gamma irradiation prevented the growth of Aspergillus niger and 
the formation of skin scald in ‘Golden Delicious’ apples. Immediately after treat- 
ment, gamma irradiation increased the softening of the fruit, changed apple colour 
from green to yellow and decreased the pH value of the juice (Al-Bachir, 1999). 
Miller and McDonald (1999) reported that the incidence and severity of peel scald 
increased by irradiation regardless of fruit maturity. 

Irradiation has been shown to be effective in decreasing microbial counts on 
ready-to-eat vegetables (Prakash et ah, 2000). Hagenmaier and Baker (1997) reported 
that a mean dosage of 0.19 kGy resulted in significant decrease in aerobic bacteria 
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and yeast populations in cut iceberg lettuce. However, several studies have shown 
that irradiation of horticultural crops at doses required to accomplish microbial reduc- 
tion can cause changes in pectic substances leading to softening of plant tissue 
(D’Amour et al., 1993; Howard and Buesher, 1989). Prakash et al. (2000) found that 
irradiation at 1.0 kGy of diced celery resulted in a superior product with regards 
to both safety as well as shelf life. At this dosage, the irradiation treatment elimi- 
nated the inoculated L. monocytogenes and E. coli. The irradiated samples maintained 
their colour, texture, and aroma longer than other treated samples, and the time 
for development of off-flavours was also extended. Prakash et al. (2000) reported 
that low-dose irradiation increases the microbiological shelf life of modified atmos- 
phere packaged fresh cut romaine lettuce, but caused softening. However, the change 
in texture was not apparent to a trained sensory panel, and other sensory attrib- 
utes such as visual quality and off-flavour development, were not adversely affected. 

Irradiation is commercially used in several countries for potato sprout inhibi- 
tion. Other probable future commercial use of irradiation in horticultural crops would 
be as an insect quarantine treatment, especially for tropical fruits. However, several 
logistical issues need to be solved before this application can be accepted. The 
fact that levels used are not sufficient to kill insects, requires the development of 
easy-to-use assays to determine sterile insects, and also requires that authorities 
in importing countries accept live insects. In addition, consistent protocols (with 
respect to uniformity of dosimetry) need to be developed. Consumer opposition to 
irradiated food is an important factor that contributes to delaying tbe use of this 
technique. 



Table 1. Potential use of irradiation for food crops. 



Type of food crop 


Effect of irradiation 


Perishable foods 


Delays spoilage; retards mould growth; reduces number of 
micro-organisms 


Grains, fruit 


Controls insect, disinfestation dehydrated fruit, spices and 
seasonings 


Onions, carrots, 
potatoes, garlic, ginger 


Inhibits sprouting 


Bananas, mangos, papayas, 
guavas, other non-citrus fruits 


Delays ripening 


Grain, fruit 


Reduces rehydration time 



Table 2. Food crops 


that can be irradiated. 






Product 


Purpose of Irradiation 


Dose Permitted (kGy) 


Date of Rule 


White potatoes 


Extend shelf life 


0.2-0.5 


August, 1963 


Spices and dry 


Decontamination/ 


0.05-0.15 


July, 1983 


vegetable seasoning 


Disinfect insects 






Fresh fruits 


Delay maturation 


Up to 1.0 


April, 1986 
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10. DECONTAMINATION AND CHEMICAL TREATMENTS 

Several treatments and techniques are applied during the postharvest preservation 
of food crops for the control of micro-organisms and pests, ripening and senescence, 
prevention or avoidance of some physiological disorders, etc. 

10.1. Pesticides 

Significant numbers of pesticides are still used before and after harvest. However, 
the indiscriminate use of pesticides on fruits and vegetables is considered to be a 
serious health hazard to humans as the residues of the sprayed pesticides remain 
both outside and inside the food. The consumption of foods having high pesticide 
residue content result in deleterious effects and potential health hazards. In addition 
to the health hazards, research evidence indicates that spraying with pesticides 
can cause a marked change in the nutrient content of plant foods (Roochaad. et 
al., 1982; Srimathi et al., 1983). Reddy et al. (1997) reported the effect of spraying 
pesticides on the content of minerals in harvested cabbage. The amount of phos- 
phorus and zinc in cabbage significantly decreased while that of iron, calcium and 
potassium significantly increased by the spraying of pesticides. At varying waiting 
periods after the spraying of pesticides, calcium, phosphorus, zinc and potassium 
contents of cabbage decreased remarkably while the content of iron increased 
significantly. The spraying of endosulfan (0.1%, 50 ml of the solution was sprayed 
equally on one month old cabbage plants during morning hours) exerted a more 
pronounced effect in altering the contents of minerals than the spraying of malathion 
(Reddy et al., 1997). 

Fumigants such as methyl bromide (MB) and phosphine, are used for different 
purposes, including the control of insects after harvest. However, some of these fumi- 
gants are known to harm the environment, to cause health hazards to consumers, 
and to cause phytotoxicity to plant products. Therefore, the use of some of these 
fumigants, such as ethylene dibromide (EDB), has been discontinued, while others 
including MB, are listed for possible elimination in the near future. MB has been 
identified as an ozone-depleting chemical and therefore its use has been restricted 
in accordance with an international agreement, the Montreal Protocol (Anonymous, 
1998). Alternatives to MB are been investigated (Yahia and Ortega, 2000; Yahia and 
Ariza, 2001). Phosphine is used as a fumigant for stored products, having the advan- 
tage of leaving no detectable toxic residues in produce following ventilation, 
however, longer fumigation times are required compared to MB (Bond, 1984). 
Successful fumigation of fruits such as tomatoes and grapefruit infested with 
Oriental, Mediterranean and Caribbean fruit flies has been reported (Seo et al., 1979; 
Hatton et al., 1982). 

10.2. Calcium 

Several physiological disorders in fruits and vegetables are due to calcium defi- 
ciency. These include bitter pit, cork spot, water core, and internal breakdown in 
apples, blossom end rot in tomatoes and melons, tipburn of cabbages, black heart 
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of celery, cavity spots in carrots (Battey, 1990). Some of these disorders can be 
prevented or alleviated by preharvest or postharvest calcinm application. Dipping 
of apples in calcium chloride solution increased the calcium content in the fruit, 
reduced respiration rate and water loss, and retained firmness (Hardenburg and 
Anderson, 1981). Dipping apples in 4% CaCl 2 also alleviated bitter pit (Hardenburg 
and Anderson, 1979). Calcium maintains firmness of sliced strawberries and pears 
(Miller, 1992; Rosen and Kader, 1989). Application of calcium in the form of 
CaCl 2 to ready-to-use fruit products was found to help maintain firmness in apple 
slices (Murphy, 2001). Studies on leaf senescence and fruit ripening have indi- 
cated that the rate of senescence often depends on the calcium status of the tissue 
and that by increasing calcium levels, various parameters such as respiration, protein 
and chlorophyll content and membrane fluidity are altered (Poovaiah, 1986). 
Calcium-mediated cross linking of pectic polymers has also been cited as a possible 
mechanism controlling softening in fruits along with effects on membrane integrity, 
as found for muskmelon fruit (Lester, 1996). Izumi and Watada (1994) found that 
dipping shredded carrots in calcium chloride maintained firmness and reduced micro- 
bial growth. 

10.3. Chlorine and chlorine dioxide 

Chlorine is the most common treatment for sanitation, especially in packinghouse 
water treatments. Chlorine is a very effective, inexpensive antimicrobial agent. Its 
mode of action on the microbial cell has not been completely elucidated but is 
thought to combine with cell membranes and thus interfere with cell metabolism 
(Beuchat, 1992). Reductions in total microbial counts have been in the order of 
2 log cycles (Nguyen-the and Carlin, 1994). Disquiet regarding its safety in food 
and water is currently resulting in its loss of favour and replacement with other 
disinfectant treatments is being sought. Large volumes of highly chlorinated water 
that are discharged to the sewer system can cause problems for water treatment plants 
since that chlorine can kill beneficial micro-organisms used in the early stages of 
water treatment. Chlorine produces trihalomethanes such as chloroform (suspected 
carcinogens) which can be produced when chlorine reacts with organic compounds. 
The formation of potentially hazardous organochlorines upon treatment of fruits and 
vegetables with chlorine is also a possible concern, although these have not been 
characterised (Beuchat, 1998). Chloramines (by-products of chlorination) are recog- 
nised as strong irritants and lacrimators (Hery et ah, 1998). Chlorine treatment 
adversely affects the nutritional and chemical qualities when applied to vegetables 
(Park and Lee, 1994). 

Unlike chlorine, chlorine dioxide (which is generated from chlorine gas and 
sodium chloride) maintains an effective level in water for longer periods because 
it is not affected by the presence of organic material in the water; in addition it is 
effective in a broader pH range. Chlorine dioxide is not known to produce 
trihalomethane by-products, and is more effective than chlorine at lower concen- 
trations. Brecht (1995) reported that chlorine treatment gave good results in reducing 
browning of shredded lettuce, and found Ca(OCI )2 to be more effective than Na CIO 
in reducing browning of sliced potatoes and apples, possibly due to a direct inhibitory 
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effect of Ca on polyphenoloxidase. Chlorine at pH 11 was more effective than at 
pH 7 in reducing browning, expressed as change in lightness of potato slices, 
while pH 4 was more effective with apple slices (Brecht, 1995). Chlorine at 
140 ppm was about as effective as 3.2% ascorbic acid, 200ppm metabisulphite, or 
200 ppm 4-hexylresorcinol on potato, but metabisulphite and 4-hexylresorcinol were 
more effective than chlorine or ascorbic acid in reducing browning on apple. 

10.4. Electrolyzed water 

Electrolyzed water is actively being researched, commissioned by the FDA, as a 
possible treatment to kill bacteria on fresh produce. Passing an electric current 
through a tank of water containing sodium chloride creates electrolyzed water. 
The acidic stream of water has been found to destroy a variety of bacteria, including 
E. coli 0157H:7, Salmonella enteritidis and Listeria moncytogens. The anti-micro- 
bial action of the electrolyzed water is stronger than permitted chlorine solutions. 
The acid components of the water erode the cell wall that protects the microbes, 
thus destroying them. Successful results have been found for its disinfecting power 
on lettuce and apples, with no adverse effects on the quality of the produce and it 
did not alter taste or appearance (Hung, 2000). 

10.5. Ozone 

Ozone (O3) is considered to be a cheap, effective and safe alternative to chlorine 
for disinfection of fresh produce (Beuchat, 1998). Ozone has been commonly used 
as a disinfectant in drinking water. It is also very effective in oxidizing ethylene. 
It breaks down to oxygen upon reaction with organic material in water, it does 
not produce the chlorinated by-products associated with chlorine use, and it is 
considered to be environmentally friendly. Developments in production and moni- 
toring equipment allow for cost effective and automated microbiological control 
on RTU products. It is active against a broad spectrum of organisms, including 
bacteria, fungi, viruses and amoebae, and has been used extensively in water dis- 
infection (McLintock, 1999). Generation units rely on a corona discharger or UV 
light, produced on site and the water can be recycled. Ozone has a short half-life 
(less than 20 min in pure water, and shorter duration in water containing organic 
materials such as dirt, leaves or fruits). In the USA there are no EPA registration 
requirements for its use. 

However, ozone has some disadvantages including high initial cost for equipment 
and high energy cost, and causes damage to several materials such as rubber and 
steel. Ozone is more effective than chlorine because it causes death to micro- 
organisms in a shorter time, but because of its short half time, the water can 
become re-infected easily. In addition, ozone effectiveness in water is limited by 
its solubility. The solubility of ozone in water depends on its concentration, water 
temperature, and the efficiency of mixing the ozone gas in the water. Safety is another 
concern when ozone is used. The Occupational Health and Safety Act limits the 
exposure to gaseous ozone to a time weighted average of 0.1 ppm over and 8 hr 
work day, and short-term exposure limit is 0.3 ppm for more than 10 minutes 
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Figure 3. Typical ozone generator electrode configuration. 



which should not occur more than 4 times per day. Ozone has a strong pungent odour 
and thus it can be detected easily at a concentration as low as 0.1 ppm. 

10.6. Sulphur dioxide 

Sulphur dioxide (SO 2 ) can be used to control decay in fresh grapes, as enzyme 
inhibitor, and for blanching of fruits and vegetables. The storage life of table 
grapes can be extended very significantly when fruit is pre-cooled, fumigated peri- 
odically with SO 2 , and maintained at a temperature close to 0 °C (Yahia et ah, 1983). 
SO 2 is very effective against the spores of Botrytis cinerea, but has several disad- 
vantages. It is very corrosive to metals, injurious to most other fresh horticultural 
crops, and causes injury even to grapes if used excessively (Yahia et ah, 1983). In 
addition, SO 2 can cause hazardous health problems, especially to asthma patients. 
Therefore, in 1987, SO 2 was re-classified by EPA as a hazardous pesticide and 
residue levels in table grapes were restricted to a maximum of 10 ppm. The amount 
of SO 2 gas required to kill Botrytis spores or to inactivate exposed mycelium is 
dependent on the concentration and the length of time the fungus is exposed to 
the fumigant. 

Reducing the levels of sulphite to permitted values and combining with vacuum 
packaging can mirror the beneficial effects of sodium bisulphite on microbial inhi- 
bition in pre-peel potatoes (Giannuzzi and Zaritzky, 1990). 

10.7. Scald inhibitors 

Superficial scald is a postharvest physiological disorder of apples that has long 
been recognised as a serious problem for storage and marketing of commercial 
apples. It is characterised by the browning of apple skin during storage. Harmful 
conjugated triene hydroperoxides and unstable free radicals accumulate in the 
apple skin and cause superficial scald (Du and Bramlage, 1993). This disorder can 
be effectively controlled by the antioxidants diphenylamine and ethoxyquine, but 
because of doubts about their safety, these chemicals are no longer acceptable as 
postharvest treatments in some countries. New methods that are investigated to 
prevent scald are treatments with ethyl alcohol vapours (Scott et ah, 1995) and 
CA with low O 2 and low ethylene concentrations. Ultra low oxygen (1.0% O 2 , 
1. 5-2.0% CO 2 ) had a complete scald control on apples (Goudkovski et al., 1994). 
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10.8. Organic acids 

Many organic acids which occur naturally in foods have been found to be micro- 
biostatic, some affect fungi while others are active against bacterial cells. By altering 
the intracellular pH, they disrupt cell metabolism, but generally do not kill cells. 
Considerable reductions in microbial counts following washing in organic acid solu- 
tions has been found by various researchers but the condition and appearance of 
the food after treatment has not always been specified. 

Lactic and acetic acids reduced numbers of the pathogen on lettuce only mar- 
ginally and thus were considered somewhat ineffectual (Zhang and Farber, 1996). 
Lactic acid solutions were only partly successful against another common conta- 
minant of soil, E. coli 0157:H7 (Lang et al., 2000). 

Dong et al. (2000) reported that sliced ‘Anjou’ pears had brown-free colour for 
30 days by dipping them in 1.0% ascorbic acid and 1.0% calcium lactate. Texture 
was soft with juice leakage. The combination treatment of 0.01% 4-hexylresor- 
cinol, 0.5% ascorbic acid and 1.0% calcium lactate could provide 15 to 30 days shelf 
life for ‘Anjou’, ‘Bartlett’, and ‘Bose’ pears, with 2 min dipping, partial vacuum 
packaging, and holding at 2 to 5 °C. 

There is need for a more comprehensive study of the effects of a range of 
organic acids on both microbiological and physiological parameters of fruit and 
vegetable produce in order to optimise the efficacy of treatments which might be 
considered to be more ‘natural’. 

10.9. Methyl jasmonate 

Recently, a new growth regulator, methyl jasmonate, was found to have growth- 
inhibiting properties (Parthier, 1991). Methyl jasmonate was reported to reduce 
Cl, retard decay, inhibit sprouting, and improve storage quality of several fruits 
and vegetables (Wang and Buta, 1994; Wang, 1998). Jasmonic acid and its methyl 
ester are cyclopentanone-based compounds that modulate many physiological 
processes in plant tissues. It is a naturally occurring substance which is derived from 
lipids and occurs ubiquitously in plants (Vick and Zimmerman, 1984; Meyer et 
al., 1984). Many biological and physiological reactions are affected by jasmonates 
including inhibition of seed germination and root growth, stimulation of chloro- 
phyll degradation, promotion of leaf abscission, and inhibition of fruit ripening 
(Parthier et al., 1992; Sembdner and Parthier, 1993). Wang (1998) indicated that 
treatment of topped radishes with methyl jasmonate was effective in inhibiting 
postharvest sprouting of new leaves and growth of roots, also substantially prevented 
weight loss, possibly as a secondary effect from reducing the transpiration surface. 
Fumigation with methyl jasmonate vapour in enclosed containers was also effec- 
tive in inhibiting the sprouting of leaves and root growth and in maintaining 
postharvest quality, but to a lesser extent than dipping treatments (Wang, 1998). 
Methyl jasmonate enhances anthocyanin synthesis in soybean seedlings (Fransceschi 
and Grimes, 1991), and increases (3-carotene synthesis in apples (Perez et al., 
1993). 
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10.10. Bicarbonate salts 

Bicarbonate salts are widely used in the food industry at levels of up to 2% for 
pH-control, taste and texture development. The potential of bicarbonate salts for 
the control of postharvest pathogens has been demonstrated in citrus (Arimoto et ah, 
1977), carrots (Punja and Gaye, 1993), and bell peppers (Fallik et ah, 1997). Sodium 
bicarbonate inhibited in vitro mycelial growth of A. alternata, Fusarium spp. and 
R. stolonifer (Aharoni et ah, 1997). Sodium bicarbonate action was fungistatic rather 
than fungicidal. Coating commercially harvested ‘Galia’ and ‘Ein-Dor’ melons 
with wax contain 2% sodium bicarbonate reduced decay incidence after storage 
and shelf life stimulation by four to seven-fold, compared to untreated or waxed 
controls, and also maintained the fresh and blemish-free appearance of the fruit at 
harvest (Aharoni et ah, 1997). 

10.11. Ethanol 

Exogenously applied ethanol (Saltveit and Mencarelli, 1988), or endogenously 
synthesised ethanol (Kelly and Saltveit, 1988) inhibited the ripening of whole tomato 
fruit at various maturity stages without affecting subsequent quality (Saltveit and 
Sharaf, 1992). Mencarelli et al. (1991) reported that ethanol vapours had no effect 
on kiwifruit flesh softening, while Agravante et al. (1991) found that ethanol accel- 
erated ripening of bananas. Depending on the maturity of the fruit and the amount 
of ethanol applied, exposure to ethanol vapours either promotes or inhibits tomato 
fruit ripening (Beaulieu and Saltveit, 1997). Research on tomatoes (Saltveit, 1989) 
suggested that ethanol not only reduces ethylene production but also non-compet- 
itively inhibits ethylene action. These reports suggest that ethanol may inhibit the 
ripening of a wide range of climacteric fruit. Ritenour et al. (1997) reported the 
ability of ethanol to inhibit the ripening of eight species of climacteric fruits. 
However, exposure to ethanol vapours at <6 ml kg“' fruit for up to 6 h, a treat- 
ment that inhibited the ripening of mature-green tomatoes by 7 days, failed to inhibit 
the ripening of whole banana, honeydew, muskmelon, nectarine, pear, peach, and 
plum fruits. In contrast, ethanol directly injected into the seed cavity of muskmelons 
resulted in firmer ripened fruit, but the effect was inconsistent. Exposure to ethanol 
vapours at <2 ml kg“' fruit for 3-6 h significantly inhibited the climacteric and 
delayed softening of mesocarp plugs excised from honeydew melons. In compar- 
ison to air controls, avocado fruit exposed to a flow of 80% ethanol-saturated air 
softened more slowly and had reduced respiratory activity and ethylene produc- 
tion, but exhibited skin and flesh browning upon ripening. 

10.12. Ultrasound 

Ultrasound is a non-destructive method of disinfection, readily incorporated in com- 
mercial production lines and particularly suitable for produce that is sensitive to 
washing. Ultrasound waves (frequency range of 20 Hz to 18 kHz) disrupt biolog- 
ical structures and systems and when applied at sufficient intensity can cause cell 
death. The mechanism of cell death is still unclear and many hypotheses have 
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been proposed. Sound waves transfer vibrational energy through a series of alter- 
nate compression and rarefaction waves in propagating aqueous medium. At 
sufficiently high power, bubbles or cavities are formed and these lead to the 
‘cleaning’ action of ultrasound. Its ability to pass through plastics permits its use 
against microorganisms in packaged produce (Carcel et ah, 1998). The effects of 
ultrasound on microbial cells, alone and in combination with other preservation treat- 
ments are hugely variable (Earnshaw et ah, 1995). Little has been published with 
regard to its effect as a decontaminant of fruit or vegetables. 

10.13. Hydrogen peroxide 

H 2 O 2 possesses bactericidal and inhibitory activity due to its properties as an oxidant, 
and due to its capacity to generate other cytotoxic oxidizing species such as hydroxyl 
radicals. Use of H 2 O 2 on whole and fresh-cut produce has been investigated in recent 
years. Salmonella populations on alfalfa sprouts were reduced approximately 2 
log CFU/g after treatment for 2 min with 2% H 2 O 2 or 200 ppm chlorine (Beuchat 
and Ryu, 1997). Less than 1 log CFU/g reduction was observed on cantaloupe 
cubes under similar test conditions. Treatment with 5% H 2 O 2 bleached sprouts and 
cantaloupe cubes. Treatment of whole cantaloupes, honeydew melons, and asparagus 
spears with 1 % H 2 O 2 was less effective at reducing levels of inoculated Salmonella 
and E. coll 0157:H7 than hypochlorite, acidified sodium chlorite or a peracetic acid- 
containing sanitizer (Park and Beuchat, 1999). Use of a 1% H 2 O 2 spray on alfalfa 
seeds and sprouts did not control growth of E. coll 0157:H7 (Taormina and Beuchat 
1999). H 2 O 2 (3%), alone or in combination with 2 or 5% acetic acid sprayed onto 
green peppers, reduced Shigella populations approximately 5 log cycles, compared 
to less than a 1-log reduction by water alone. In the same study. Shigella inocu- 
lated onto lettuce was reduced approximately 4 log after dipping in H 2 O 2 combined 
with either 2 or 5% acetic acid; however, obvious visual defects were noted on 
the treated lettuce. The same treatment gave similar results for E. coli 0157:H7 
inoculated onto broccoli florets or tomatoes with minimal visual defects. 

Microbial populations on whole cantaloupes, grapes, prunes, raisins, walnuts, and 
pistachios were significantly reduced upon treatment with H 2 O 2 vapour (Sapers 
and Simmons, 1998). Treatment by dipping in H 2 O 2 solution reduced microbial pop- 
ulations on fresh-cut bell peppers, cucumber, zucchini, cantaloupe, and honeydew 
melon, but did not alter sensory characteristics. Treatment of other produce was 
not as successful. H 2 O 2 vapour concentrations necessary to control Pseudomonas 
tolaasii caused mushrooms to turn brown, while anthocyanin-bleaching occurred 
in strawberries and raspberries. Shredded lettuce was severely browned upon 
dipping in a solution of H 2 O 2 . Combinations of 5% H 2 O 2 with acidic surfactants 
at 50 °C produced a 3 to 4 log reduction of non-pathogenic E. coli inoculated onto 
the surfaces of un-waxed ‘Golden Delicious’ apples (Sapers et ah, 1999). Further 
research is necessary to determine the usefulness of H 2 O 2 treatment on other fruits 
and vegetables. 
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10.14. Biological control 

Numerous fungicides are still been used for decay control (Eckert and Ogawa, 1985; 
1988). However, the development of fungicide resistance by pathogens and an 
increasing environmental concern over pesticide residues in food, have prompted 
an urgent need for alternative control measures (Eckert, 1990). Several biocontrol 
agents have been developed and widely investigated against different postharvest 
fungal pathogens (Penicillum, Monilia Alternaria spp., B. cinerea, and Rhizopus 
stolonifer), and tested on various commodities, such as citrus, apples, pears and 
peaches (Wilson et ah, 1994; Wilson and Wisniewski, 1991). 

Information on the mechanisms of antagonism is essential for selecting new poten- 
tial antagonists, enhancing their biocontrol capability by optimising formulation and 
delivery systems and for the registration of the antagonists for commercial use 
(Droby and Chalutz, 1994). In this regard, antagonistic yeast deserve particular atten- 
tion, as their activity does not generally depend on the production of antibiotics 
or other toxic secondary metabolites, which could be of environmental or animal 
toxicological consequence (Smilanick, 1994). Despite the effects devoted to eluci- 
dating the mode of action of these postharvest biocontrol agents, no one major 
mechanism is predominant in their biocontrol activity. It is likely that there are 
multiple interactions between antagonist, fruit, pathogen, and other components of 
natural epicarpic microflora. 

Lactic acid bacteria (LAB) are naturally present on vegetables, although at low 
numbers. Under micro-aerophilic conditions, such as in MAP systems, these organ- 
isms grow faster than the aerobic spoilage microflora (Gorris et ah, 1993). LAB may 
exert an antimicrobial effect, due to the production of lactic and acetic acid, and 
possibly bacteriocins. Bacteriocins are antimicrobial low-molecular weight proteins 
that are produced by a number of bacteria, including species of genera of LAB 
such as Lactobacillus, Lactococcus, Streptococcus and Pediococcus. They vary 
greatly in their spectrum of antimicrobial activity; many bacteriocins are only active 
against closely related strains while some bacteriocins are active against strains from 
different genera of Gram-positive bacteria (Ray and Deaschel, 1992). Using LAB 
as antimicrobial agents, there may be two distinct possibilities for application 
either endogenous or as an exogenous source. Manipulation of the gas atmosphere 
conditions may result in a microbial association different from that of the un-pre- 
served product (Bennik and Gorris, 1994). Bennik and Gorris (1994) reported that 
the shelf life of fresh vegetables could be extended using refrigeration in combi- 
nation with modified gas phase compositions, but additional hurdles such as 
biocontrol, are necessary due to outgrowth of psychrotrophic pathogens under 
these conditions. 

De Cicco and Curtis (1994) found that the washings from apple, cherry, grape, 
peach and plum fruit surfaces were placed in fresh peach and plum fruit wounds 
which were subsequently inoculated with M. laxa. After 5 days those wounds had 
no rot development when scraped with a sterile needle and diluted in sterile water. 
The feasibility of application of Candida utilis as a biological agent against posthar- 
vest diseases, and biological control of Penicillum rot was enhanced when sounds 
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Table 3. Chemical disinfectants for fresh produce: applications, effectiveness and quantities applied. 



Disinfectant 


Application 


Effectiveness 


Quantities 


Chlorine 

(hypochlorours acid); 
Na, Ca hypochlorite, 
applied at pH 6.5 


Harvesting, handling, 
processing equipment, 
process water 
and facilities; 

Whole and fresh 
cut fruits, vegetables 


1-2 log kills 


200 ppm; 20,000 
ppm for seeds 


Chlorine dioxide 


Processing equipment, 
whole fresh fruit 
and vegetables 


1 log kill 


1-5 ppm 
200 ppm for 
equipment 


Hydrogen peroxide 
(experimental) 


Whole fresh fruit and 
vegetables and fresh cuts 


3 log kills 


5% 


Ozone 


Wash, flume water, 
fruit and vegetables 


1-3 log kills 


1-4 ppm 


Peroxyacetic acid 


Flume water, fresh 
cut fruit and vegetables 


2 log kills 


200 ppm 


Organic acids (i.e. 
acetic and lactic) 


Specific antimicrobial 
activity 


Various 


pH reduction 


Trisodium phosphate 
(TSP) 


Green tomatoes, lettuce 


4 log kills 


1-10% 

pH 11-12 limits use. 



Adapted from Cherry, 1999. 



were treated with Candida utilis and 0. 1-0.3% of ethanol (Todirash and Pascarri, 
1994). 



11. PACKING AND PACKAGING 

The packing line consists of several processes such as receiving, disinfestation 
(micro-organisms and/or insects), sorting, sizing, weight and/or colour classifica- 
tion, coating or waxing, and packaging. Several advances have been implemented 
recently in packinghouse operations including automation, detection of internal or 
external defects and internal maturity determination. 

Packaging should be done adequately to offer protection to products from 
physical, physiological, and pathological deterioration throughout the postharvest 
chain, to immobilise the product, and also to promote it during marketing. Package 
type is influenced by the size and by the amount of protection required to market 
and transport the produce. Packaging types include containers, bags, sacks, baskets, 
and a range of boxes. These may be manufactured from natural fibres, plastic, paper, 
bamboo, rattan or wood. The potential for mechanical damage is reduced signifi- 
cantly if crops are packaged directly in the field. There is legal requirement to 
adequately label produce with information such as origin, type and grade of crop 
(Thompson, 1996). 

Packing and packaging are inadequate in almost all developing countries and 
contribute to elevated quantitative and qualitative losses. 
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12. MODIFIED AND CONTROLLED ATMOSPHERES 

Modified atmosphere (MA) refers to the use of atmospheres with different gas 
composition than that of the normal air, which has about 21%, O 2 , 78% Nj, 0.03% 
CO 2 , and traces of other gases. Controlled atmosphere (CA) refers to the use of 
different gas composition, which is strictly controlled during all the period of 
application (Yahia, 1998a). MA and CA usually involve atmospheres with lower 
O 2 and/or elevated CO 2 concentrations compared to air. MA and CA, as a supple- 
ment to refrigeration, have several advantages such as reducing the respiration 
rate, control of the synthesis and action of ethylene, delaying ripening and senes- 
cence, alleviation of some physiological disorders, control of vitamin losses, and 
control of some micro-organisms and pests. MA and CA are extensively used for 
storage of some fruits (such as apples, pears and kiwi fruit), transport of many 
food crops, and in the packaging of many intact, partially processed and processed 
foods. Optimum atmosphere vary depending on several factors such the type of food, 
cultivar, stage of maturity, holding temperature, and storage/transport duration. 
Exposure of horticultural food crops to atmosphere with O 2 levels below, and/or CO 2 
levels above their optimum tolerance level can cause the initiation and/or aggra- 
vation of certain physiological disorders, irregular ripening, increased susceptibility 
to decay, development of off-flavors, and could eventually cause the total loss of 
the product. However, most fresh horticultural crops can tolerate extreme concen- 
trations of O 2 and CO 2 when exposed for very short periods (Yahia, 1998a; Yahia, 
1998b; Yahia and Pauli, 1997). 

Some of the very important improvements that increased the use of MA and 
CA in the last two decades include: 

1. The development of improved CA systems such as ‘rapid CA’ (rapid establish- 
ment of the CA system in the room as compared to the old conventional slow 
CA), ‘ultra low O 2 CA’ (ULO, where the O 2 concentration is maintained at 
0.75-1.25% throughout the storage period), ‘high CO 2 CA’ (where 10-15% of 
CO 2 is used in the first 10-15 days of storage, before it is reduced to the normal 
low concentration for the remainder of the storage period), ‘low ethylene CA’ 
(where ethylene concentration in the store is maintained at or below 1 ppm), 
and ‘programmed or sequential CA’ storage (storage at 1% O 2 for the first few 
weeks followed storage at 2-3% O 2 for the remainder of the storage period). 

2. Nitrogen production by air separation using membranes and molecular sieve beds. 

3. The development and use of better gas monitoring and analysis techniques such 
as infra red analyzers for CO 2 and electrochemical and paramagnetic systems 
for O 2 . 

4. Improvements in the development and use of modified atmosphere packaging 
systems, including the development and availability of adequate polymeric mate- 
rials, the development of mathematical models for the prediction of atmosphere 
development, better packaging techniques, and adequate techniques for the elim- 
ination of some gases in the package. 

5. Automation, especially for gas monitoring and control. 
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6. Improvements in the structural techniques for the development of sealed storage 

rooms and transport containers. 

12.1. Modified atmosphere packaging 

Modified atmosphere packaging (MAP) is becoming increasingly important and 
widely used (Barry-Ryan and O’Beirne, 2001). MAP is commercially used for 
fresh cut or minimally processed fruits and vegetables, and for crops that are highly 
perishable and with high value such as figs, cherry, strawberries, and raspberries. 
Its development has been one of the most important changes in the fruit and veg- 
etable industry in recent years. MAP permitted sea freight of persimmons from 
New Zealand to Japan (MacRae, 1987), and the marketing of several value added 
produce such as broccoli florets (Brassica oleracea L.) and asparagus tips 
(Asparagus officinalis L.) (Lange, 2000). The intention behind MAP system is to 
minimise the respiration rate, inhibit the enzymatic and oxidative decomposition 
reactions and/or to delay microbiological spoilage by changing the composition of 
the atmosphere surrounding the produce (Pala and Damaril, 1994). Film packaging 
of fruits and vegetables can reduce moisture loss and is used to supplement refrig- 
eration. The conditions provided within the MAP system are influenced by both 
the types of the product and its environment. These include the organoleptic and 
microbiological quality of the raw material, its resistance to oxygen, carbon dioxide, 
and ethylene diffusion, ethylene production and sensitivity, and respiration rate. 
Temperature, relative humidity, atmospheric composition, and the type of packaging 
material used are the most important factors that effect the quality of MAP products 
(Pala and Damaril, 1994). Selection of the correct packaging material is crucial to 
maintain the desired balance of O2 and CO2. Food safety is primary concern during 
the use of MAP, and therefore temperature control and the use of quality control 
systems (such as GMP and HACCP) are very important. 

MAP can be created either passively or semi-actively (Yahia and Gonzalez, 1998; 
Guevara et al., 2001; Yahia and Rivera, 1992). Passive modification depends on 
product respiration and film characteristics. Semi-active modification is done by 
modifying the atmosphere immediately after sealing the package by either intro- 
ducing or eliminating one or more gases from the inner space of the package. Further 
modification of the atmosphere in the semi-active system will also depend on the 
product respiration and the film characteristics. Films used for fruit and vegeta- 
bles (intact or fresh cut) need to be permeable to O2 and CO2. Films that are 
commonly used for fresh fruit and vegetables include low-density polyethylene, poly 
vinyl chloride, polypropylne, and polystyrene. Methods and substances that can either 
absorb (scavenge) or release a specific gas are used to control the internal atmos- 
phere. Examples of those include O2 scavengers to create and maintain low O2 
atmosphere, CO2 scavengers to remove CO2 produced, C2H4 scavengers to retard 
senescence, and CO2 emitters to reduce microbial growth. Other active systems used 
include the release of substances onto the food surface such as anti microbial agents, 
antioxidants, flavor/odor absorbers or releasers, enzyme inhibitors, and moisture 
scavengers. 

For crops that are sensitive to chilling temperatures, the increase in humidity 
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and the reduction in O 2 concentration and accumulation of CO 2 within the package 
often are beneficial for preventing the development of Cl (Forney and Lipton, 1990). 
The increase in CO 2 and decrease in the O 2 levels have been shown to reduce Cl 
in avocados, potatoes, and zuchini squash (Wang, 1993). Wang and Ling (1997) 
reported that for cucumber (Cucumis sativus L.) the onset of Cl was also delayed 
by the low-density polyethylene bags packaging compared to the non packaged 
control. Favorable effects of MAP (1-5% O 2 and 0-2.5% CO 2 ) in improving shelf- 
life, delaying senescence of lettuce at 0-5 °C and reducing physiological disorders 
related to chilling have been summarized by Couture et al. (1993). Flowever, defects 
such as brown stain in lettuce are attributed to the relatively high CO 2 level in the 
atmosphere within the bags. In passive MAP, it is difficult to immediately attain low 
O 2 and increased CO 2 concentrations within the packages, which is essential to 
improve commercial quality of several crops. Several studies have shown that 
MAP can help to maintain broccoli quality under non-ideal handling temperatures 
(Miyazaki, 1985; Ballantyne et ah, 1988; Barth et ah, 1993), however, if oxygen 
levels drop too low, off-odour problems can occur (Miyazaki, 1985; Ballantyne et 
ah, 1988). Gillies and Toivonen (1995) found that the selection of pre-cooling method 
with application of micro-perforated film wrapping could significantly extend the 
shelf life of broccoli. The advantage of this approach as compared to MAP is that 
the atmosphere within the package cannot become over modified when tempera- 
ture abuse occurs (Toivonen, 1997). Broccoli firmness and colour retention can be 
easily maintained for 5 days at elevated shelf temperature with the integration of 
a system which includes hydro-cooling, application of micro-perforated film wrap 
and sufficient cold storage duration at 1 °C (Toivonen, 1997). 

Mokkila et al. (1999) reported that the shelf life of strawberries could be improved 
by means of MAP, without causing any detrimental effect on the nutritional quality. 
The use of very permeable or micro-perforated film is essential if off-flavors are 
to be avoided. Sanz et al. (1999) reported that the use of perforation for strawber- 
ries packaged with plastic films seems to be a feasible and low-cost approach to 
MAP because it may effectively control decay and reduce deterioration rate, and 
to extend postharvest life. The use of perforated-mediated MAP preserve fruit 
ripeness, maintains its nutritional value, measured as ascorbic acid content, however, 
adverse effects on fruit color and development of off-flavors were noted. Barry-Ryan 
and O’Beirne (1999b) showed that MAP, mild processing and low storage tem- 
peratures were effective postharvest treatments for conserving ascorbic acid in 
shredded lettuce. 

The selection of the most adequate MAP system for a certain type of food depends 
on a variety of factors including type of food, its composition, deterioration factors, 
quality changes, metabolic (respiration in case of fresh plant foods), optimum tem- 
perature and humidity, shelf life requirement, etc. 

12.2. Novel modified atmosphere packaging 

Using novel atmospheres such as high oxygen (80%) or argon (40%) with balance 
nitrogen, improved acceptability scores and texture of certain prepared fruit and 
vegetable products compared to conventionally packaged commercial standards. 
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These novel atmospheres had no effects on the respiration rates of any of the products 
at 3 or 8 °C. Flushing with 40% argon and 80% oxygen improved appearance scores 
of carrot discs. Similarly, the appearance scores for lettuce were high due to the 
reduction of enzymatic browning. Ascorbic acid retention levels were slightly higher 
in shredded lettuce stored under these novel atmospheres. Argon flushing maintained 
high levels of ascorbic acid in apple slices. The novel atmospheres did not prevent 
apple browning, but high oxygen atmospheres in conjunction with suitable dipping 
may be successful. The cell permeability, lipid oxidation, lipoxygenase activity, tissue 
exudate and tissue pH of carrots were unaffected by storage in the novel atmos- 
pheres compared to standard OPP film (Barry-Ryan, 1998). 

Similar findings were reported by Day (1996; 2000) who found that high O 2 
was particularly effective in inhibiting enzymatic discolouration, preventing anaer- 
obic fermentation reactions and inhibiting microbial growth. Amanatidou et al. 
(1999) screened microorganisms associated with the spoilage and safety of mini- 
mally processed vegetables. Inhibition of microbial growth was more pronounced 
in combination with CO 2 . Amanatidou et al. (1999) as well as Kader and Ben- 
Yehoshua (2000) suggested that these high O 2 levels could lead to intracellular 
generation of reactive oxygen species (ROS, 02~, H 2 O 2 , OH'), damaging vital cell 
components and thereby reducing cell viability when oxidative stresses overwhelm 
cellular protection systems. Combined with an increased CO 2 concentration (10 to 
20%), a more effective inhibitory effect on the growth of all microorganisms was 
noticed rather than the individual gases alone (Gonzalez-Roncero and Day, 1998; 
Amanatidou et al., 1999; Amanatidou et al., 2000). Wszelaki and Mitcham (2000) 
found that 80-100% O 2 inhibited the in-vivo growth of Botrytis cinerea on straw- 
berries. Based on practical trials (best benefits on sensory quality and antimicrobial 
effects), the recommended gas levels immediately after packaging are 80-95% O 2 
and 5-20% Nj. Carbon dioxide level increases naturally due to product respira- 
tion (Jacxsens et al., 2001a). Exposure to high O 2 levels may stimulate, have no 
effect or reduce rates of respiration of produce depending on the commodity, maturity 
and ripeness stage, O 2 concentration, time and temperature of storage, and the CO 2 
and C 2 H 4 -concentrations (Kader and Ben-Yehoshua, 2000). To maximise the benefits 
of high O 2 atmospheres, it is desirable to maintain levels of >40% O 2 in the head- 
space and building up CO 2 levels in the range of 10-25%, depending on the type 
of packaged produce. These conditions can be obtained by altering packaging para- 
meters such as storage temperature, selected permeability for O 2 and CO 2 of the 
packaging film and reducing or increasing gas/product ratio. 

High O 2 MAP of vegetables is only commercialised in some specific cases, 
probably because of the lack of understanding of the basic biological mechanisms 
involved in inhibiting microbial growth, enzymatic browning and concerns about 
possible safety implications. Concentrations higher than 25% O 2 are considered to 
be explosive and special precautions have to be taken on the work floor (BCGA, 
1998). In order to keep the high oxygen inside the package, it is advised to apply 
barrier films or low permeable OPP films. But for high respiring products, such 
as strawberries or raspberries, it is better to combine high oxygen atmospheres 
with a permeable film for O 2 and CO 2 , as applied in EMA packaging, in order to 
prevent a too high accumulation of CO 2 (Jacxsens et al., 2001b). 
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Figure 4. Ascorbic acid retention in undipped apple slices packaged under different starting atmos- 
pheres (balance nitrogen) and stored at 3 °C (Barry-Ryan, 1998). 



12.3. Storage in controlled atmospheres 

CA is currently used for storage of apples and pears. It can also be used for storing 
bananas and onions. CA storage of apples is widely used in almost all the apple 
growing regions in the world. This technique has been used for the last seven 
decades. Several improvements have been made recently which increased the use 
of this technique, i.e. development of new CA systems (rapid CA, ultra low O 2 
CA, low ethylene CA, high CO 2 CA, sequential CA), better techniques for the devel- 
opment of CA including the production of Nj by gas separation techniques, and 
better gas monitoring and control systems. CA storage of apples for a long period 
is possible using the newly developed CA techniques, however the effect on fruit 
flavour should be considered (Yahia, 1994a). 

Extensive research and many attempts are being made to establish CA storage 
for other horticultural crops. However, no commercial application is available yet. 
Silvina et al. (1998) investigated quality changes of minimally processed honeydew 
melons stored in air or in CA. Pieces were stored in air or CA (air +15% CO 2 ) at 
5 °C and evaluated for sensory quality, firmness, color and soluble solids contents. 
Pieces stored in 15% CO 2 had higher visual quality scores than those stored in 
air. In addition, CA storage greatly reduced development of macroscopic decay 
and off-odors. 

CA, in particular high CO 2 concentrations in the storage atmosphere, extend 
storage and shelf life of a number of perishable berry fruits (Agar et ah, 1990; 
Yahia et ah, 1983). In general, these storage practices maintain a number of impor- 
tant quality characteristics, such as berry firmness, soluble solids, acidity, and 
freshness, and can reduce fungal decay. By reducing the respiration of the stored 
fruits, shelf life of some berry fruits is also extended. Agar et al. (1997) invest!- 
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gated the effect of CA on several berry fruits. Strawberries, raspberries, currants 
and blackberries were stored at three different elevated CO 2 concentrations, with 
or without a parallel reduction in O 2 . Vitamin C content was reduced by high 
CO 2 concentrations (10-30% CO 2 ), particularly in strawberries. This reduction in 
vitamin C was moderate in black currants and blackberries and almost absent in 
raspberries and red currants when compared with strawberries. Reducing the O 2 
concentration in the storage atmosphere in the presence of high CO 2 had little 
effect on the vitamin C content. Ascorbic acid was more diminished at high CO 2 
than dehydroascorbic acid. This suggests a stimulating effect of high CO 2 concen- 
tration on the oxidation of ascorbic acid and/or an inhibition of mono- or 
dehydroascorbic acid reduction to ascorbic acid. For sliced ‘Pajario’ strawberries, 
Rosen and Kader (1989) found no significant differences between air storage and 
CA treatments; however, ‘G-3’ strawberries stored in 2% O 2 for 7 days at 2.5 °C 
had a significantly higher level of ascorbate than fruit stored in air. Palmer Wright 
and Kader (1997a) investigated the effect of CA storage on the ascorbate content 
in sliced strawberries and persimmons, and evaluated the immediate effect of 
washing in sodium hypochlorite on ascorbate content of strawberries. The results 
showed that various atmospheres had significantly different effects on color, pH, 
and ti tritable acidity of the fruits. The two fruits responded differently to the 
wounding stress in regard to oxidation of ascorbic acid, but in both cases, the post 
cutting life based on visual quality ended before significant losses of total ascorbic 
acid occurred. CA (2% O 2 , air - 1 - 12% CO 2 , or 2% O 2 + 12% CO 2 ), had no signif- 
icant effect on changes in total ascorbate content for either fruit. Washing of intact 
or sliced strawberries in 100 ppm chlorine was found to induce significant oxida- 
tion of reduced ascorbic acid, but resulted in no changes in total ascorbic acid. 
CA may affect the content of other nutritive components. Visual quality of per- 
simmon slices was slightly enhanced by the treatments containing 12% CO 2 , which 
also resulted in significant differences in color. Peach slices stored in air + 12% 
CO 2 had a lower content of (3-carotene and (3-cryptoxanthin. The various carotenoids 
found in persimmon slices responded differently to the tested atmosphere. For sliced 
peaches and persimmons, the limit of shelf life was reached before major losses 
of carotenoids occurred (Plamer Wright and Kader, 1997b). According to Briddon 
(1994), storage in an atmosphere of 6% carbon dioxide with 3% oxygen, was the 
most effective sprout control treatment, limiting sprouting in potato to a commer- 
cially acceptable level for 24 weeks. 

Menniti et al. (1997) found that CA did not reduce B. cinerea rot in cabbage in 
comparison to low temperature storage in air. PVC film and CA, on the other 
hand, reduced pepper spot by over 50% with respect to the air control. In partic- 
ular, pepper spot was eliminated by high O 2 (10%) levels. Low O 2 and low CO 2 
(1% O 2 and 1% CO 2 ) atmospheres caused 33 and 50% injury, respectively after 
89 and 109 days of storage. The combination of 3% 02/5% CO 2 and PVC film 
delayed yellowing with respect to air control. Concentrations of 1-3% O 2 and 10% 
CO 2 resulted in off odours and flavours after 74 days of storage. These results 
were confirmed by a considerable increase in ethanol concentrations. 

Many factors should be considered when evaluating the potential application of 
MA/CA including fruit quantity and value, reason for the use of MA/CA (control 
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of metabolism, control of pathogen, control of insects, etc), availability of alterna- 
tive treatments/tecbniques, competition with other production regions, type of market 
(local, distant, export), type of pre-harvest and postharvest technologies available. 
Lougheed and Feng (1989) suggested that for a crop to be comaptible for the use 
of CA it should preferably be characterized by (1) long postharvest life, (2) resis- 
tance to Cl, (3) a large range of non-injurious atmospheres, (4) adaptation to a humid 
atmosphere, (6) a climacteric fruit that can be ripened during or after storage, (7) 
absence of negative CA residual effect, and (8) that CA can reduce the produc- 
tion and effects of ethylene. Apple, a fruit very compatible to CA, is a high valued 
fruit, produced in large quantities, and characterized by a climacteric respiration and 
a long postbarvest life. In addition, the production and action of ethylene is con- 
trolled by CA, exists a large variation in the tolerance levels of O 2 and CO 2 , CA 
permits the use of lower storage temperatures in some cultivars, some physiolog- 
ical disorders are alleviated by CA, fruit can harvested and stored in bulk, and a 
great deal of MA/CA research has been carried out. 

12.4. Transport in modified and controlled atmospheres 

The use of MA in food transport has been practiced for more than seven decades 
and MA transport of fruits for about 3 decades. Flowever, transport of fruits and 
vegetables in CA became possible in the mid 1980s (Yahia, 1998a). Existing com- 
panies and systems before the 1980s were unable to deliver an adequate CA 
application. The use of air separation technology in the 1980s, especially the intro- 
duction of membrane technology in 1987, in addition to the commercial use of 
adequate gas monitoring techniques, made CA transport practical and feasible. 
Currently, several MA and in CA transport systems are been used commercially. 
However, extensive efforts are still needed to develop adequate and inexpensive 
CA systems. Atmospheres for transport are developed passively, semi-actively or 
actively. 



13. OTHER TREATMENTS/TECHNIQUES 

Hoover (1997) listed a number of potential non-thermal physical treatments that 
have the potential to be applied to processed fruit and vegetables to extend their 
shelf-life. These methods include High-intensity pulsed electric field. Oscillating 
magnetic fields. High-intensity pulsed light and High hydrostatic pressure. 



14. CONCLUSIONS 

Food losses after harvest, especially those of perishable crops, and especially in 
developing countries are very high. The reduction of postharvest losses (preserving 
nutritional value, maintaining quality, and reducing safety risks) is of great impor- 
tance. Several treatments and techniques are available, are either used or can be 
used. This review described some of the techniques and treatments that are currently 
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used to minimise postharvest losses, and to preserve perishable food crops. However, 
ongoing research and development is required to fill the gaps in our understanding 
of postharvest loss and to constantly improve quality of horticultural produce with 
both traditional and novel treatments and techniques. 
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1. INTRODUCTION 

Texture is a major fruit attribute which has a great effect on consumer perception 
of fruit quality. Different factors affect fruit textural properties, among them cell 
wall polysaccharide composition (Marker et ah, 1997; Barrett et ah, 1998). In the 
last twelve years, different aspects of cell wall structure and metabolism during 
fruit growth, ripening and softening, and the impact of altered gene expression 
and cell wall enzyme activity on fleshy fruit texture, have been extensively reviewed 
(Gross, 1990; Giovannoni et ah, 1991; Fischer and Bennett, 1991; Fry, 1995; 
Seymour and Gross, 1996; Cosgrove, 1997, 1998; Hadfield and Bennett, 1998; 
Cosgrove, 1999; Rose and Bennett, 1999; Cosgrove, 2000a, b; Dumville and Fry, 
2000; Brummell and Harpster, 2001; Giovannoni, 2001). This chapter will focus 
on the enzymes producing changes in fruit cell walls during ripening and probably 
affecting the rate and degree of fruit softening, with emphasis on some glycosidases, 
and the different strategies used to modify, directly or indirectly, their activities in 
vivo. Only a general approach will be devoted to some ‘classic’ enzymes, such as 
polygalacturonase and pectin methylesterase, as they have been extensively reviewed 
elsewhere. 

Cell wall enzyme activity changes during growth and ripening have only been 
partially elucidated during the last three decades by the synergistic use of many 
disciplines, including plant physiology, biochemistry, chemistry and genetics. 
Nevertheless, the most powerful tool has been transgenic technology which has 
provided insights into the cell wall enzyme actions by altering the expression of 
genes involved in the synthesis of said enzymes. There is a great deal of interest 
in down-regulating the presence and action of different cell wall enzymes, given that 
high activity levels may trigger or enhance fruit softening. Success in improving 
fruit textural qualities will depend on our understanding of how these enzymes 
interact with their substrates in the complex wall matrix of fruit tissue to deter- 
mine the mechanical properties of the walls in individual cells as well as in the more 
complex fruit organ. 
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2. CELL WALL CHANGES DURING FRUIT RIPENING: 

AN OVERVIEW 

The structure of fruit cell walls has not been studied in detail but the complexity 
of the cell wall in general has been extensively reviewed in the last decade (O’Neill 
et ah, 1990; McCann and Roberts, 1991; Carpita and Gibeaut, 1993; Albersheim 
et ah, 1996; Perez et ah, 2000; Willats et ah, 2001). Three major polysaccharide 
‘classes’ are discussed as the structural elements of the cell wall: cellulose, hemi- 
celluloses and pectins. Cellulose forms a semicrystalline microfibrillar phase 
consisting of unbranched associated (3-1,4-linked glucan chains. These associa- 
tions provide considerable mechanical strength to the higher plant primary wall 
(Delmer, 1999) though the amorphous regions of cellulose possibly undergo struc- 
tural modifications during ripening (O’Donoghue et ah, 1994). Cellulose microfibrils 
are embedded in a matrix phase consisting of hemicelluloses and pectic polysac- 
charides. Many of these structural polysaccharides of the fruit cell wall are subjected 
to enzymatic hydrolysis and/or transglycosylation reactions during development and 
ripening. 

Hemicelluloses, the second domain in the cell wall, have considerable variation 
in their composition and structure according to the source analysed. A major poly- 
meric component of the hemicellulose fraction in the primary cell wall of all dicots 
is collectively referred to as xyloglucan. It is a cross-linking glycan that can 
hydrogen-bond to cellulose microfibrils. Thus, xyloglucans can both coat cellu- 
lose microfibrils and tether them together to form an extensive framework. Breakage 
of those cross-links may destroy the coherence of the cell wall. Xyloglucan consists 
of a linear backbone of (3-1,4-glucan substituted by xylose-containing mono to trisac- 
charide side-chains, linked at regular sites to the 0-6 position of the glucose units 
by a- 1,6 bonds. The degree of polymerisation of xyloglucan can modify its binding 
to cellulose (Hayashi et ah, 1994). Hemicelluloses also include glucomannans (a 
backbone of (3-1,4-linked glucose and mannose residues), galactomannans and 
mannans (a (3-1,4-linked mannose backbone, with or without galactose linked to 
mannose by an a- 1,6 bond), xylans (a backbone of (3-1,4-linked xylosyl residues, 
substituted by (3-linked 4-0-methylglucuronic acid on C2 of some xylosyl residues, 
by acetyl esters on C2 and a-linked arabinose on C2 or C3), etc. 

Fruit cell walls are particularly abundant in pectic polysaccharides which 
are composed of a range of galacturonic acid-rich polysaccharides (reviewed by 
Willats et ah, 2001), mainly homogalacturonans and rhamnogalacturonan I. 
Homogalacturonans are homopolymers formed by a-l,4-linked chains of galac- 
turonic acid. Some regions are methyl-esterified (neutral charge) while others are 
not (negatively charged). The charged regions can be cross-linked by Ca^"^. 
Rhamnogalacturonan I, a major branched, heterogeneous and hydrated component 
of the middle lamella, is also present in the primary cell wall. Its constitution consists 
of a backbone of a-l,4-linked galacturonic acid, a-l,2-linked rhamnose, and three 
types of side-groups, attached to the 4-position of nearly half of the rhamnose 
units. These side-chains are a-l,5-L-arabinans, (3-1,4-D-galactans and arabino- 
galactans. Removal of neutral sugar containing side-chains may be necessary to 
expose the galacturonan or rhamnogalacturonan backbone for cleavage (Seymour 
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and Gross, 1996). Rhamnogalacturonan II, a well defined highly heterogeneous plant 
pectic polymer (Carpita and Giheaut, 1993), occurs widely in primary cell walls 
where it displays a highly conserved structure consisting of a dimer cross-linked 
hy single borate diesters between two apiosyl residues (Kobayashi et ah, 1996; 
O’Neill et ah, 1996; Ishii et ah, 1999). These branched sugars are found in the 
cell wall only in rhamnogalacturonan II. 

Fruit ripening and softening is mainly accompanied by the modification of the 
composition and amount of pectic and hemicellulosic polysaccharides which takes 
place as a coordinated series of assembly and disassembly steps. Three major changes 
in the cell wall take place during softening: solubilisation and depolymerisation 
of polyuronides (Huber and O’Donoghue, 1993; Brummell and Labavitch, 1997) 
depolymerisation of hemicelluloses (Maclachlan and Brady, 1994) and the loss of 
some neutral sugars, mainly galactose and arabinose (Gross and Sams, 1984). The 
nature and compositional changes of the cell wall - as well as the relative activi- 
ties of cell wall-hydrolysing enzymes - strongly vary among the species. Most of 
the covalent modifications in cell wall polysaccharides result from the activity of 
a complex set of hydrolases that may participate in a concerted enzymatic action 
(Fischer and Bennett, 1991). Cell wall disassembly during fruit growth and ripening 
may involve the cooperation between different enzyme families, namely expansins, 
endo-(3-l,4-glucanases, xyloglucan endotransglycosylases, and some types of gly- 
cosidases acting together on cross-linking glycans such as xyloglucan (Rose and 
Bennett, 1999). On the other hand, other glycosidase isoforms (i.e. tomato (3-galac- 
tosidase II and a-arabinofuranosidase III; see below) may not have an influence 
on the glycan architecture during growth but may act with pectolytic enzymes 
such as polygalacturonase, in pectin polymer metabolism during ripening (Hadfield 
and Bennett, 1998; Smith et ah, 1998; Sozzi et ah, 2002b). The panorama is even 
much more complex because new components are synthesized and integrated into 
the cell wall during ripening (Mitcham et al., 1989; Greve and Labavitch, 1991), 
and also because non-enzymatic deaggregation/degradation of polysaccharides may 
take place during ripening (Fishman et al., 1989; Fry, 1998). 



3. CELL WALL DEGRADING ACTIVITIES 
3.1. Endo-polygalacturonase 

In tomato fruit, endo-polygalacturonase (PG; EC 3.2.1.15) was thought for almost 
three decades to be the enzyme primarily responsible for pectin breakdown and 
the subsequent loss of tissue firmness (extensively reviewed by Fischer and Bennett, 
1991; Giovannoni et al., 1991; Hadfield and Bennett, 1998; Brummell and Harpster, 
2001). Although there is a general correlation between PG and firmness, other results 
suggested that softening is not regulated exclusively by PG (Gross, 1990, and 
references therein). The ectopic expression of PG in the ripening-impaired pleiotropic 
mutant rin (ripening inhibitor) led to tomatoes with extensively depolymerised pectic 
materials, but softening still failed to take place (Giovannoni et al., 1989; DellaPenna 
et al., 1990). Research using antisense RNA (Sheehy et al., 1988; Smith et al.. 
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1988, 1990) showed that tissue softening still takes place when PG activity is reduced 
to less than 1% of its normal level. Thns, PG-mediated pectin degradation alone 
cannot account for the major changes in fruit texture that accompany ripening. 
Nevertheless, Langley et al. (1994) found small hut significant differences in the 
mechanical properties and microscopy features between control and PG antisense 
fruit. Also, other studies pointed out the extended life span of PG antisense fruit 
as well as some improved processing characteristics such as total and soluble 
solids and juice viscosity (Schuch et al., 1991; Kramer et al., 1992; Brummell and 
Labavitch, 1997). PG is likely to contribute to pectin degradation and fruit deteri- 
oration during the overripe stage not only in tomato, bnt also in other fruits (i.e. 
Charantais melon; Hadfield et al., 1998). 

Apart from PG, exo-polygalactnronase (exo-PG; EC 3.2.1.67) is also found in 
fruits though it is not ripening- specific. The presence of PG and exo-PG is species- 
dependent. Both activities are present in peach (Downs et al., 1992) and melon 
(Hadfield et al., 1998). Many fruits showed relatively low or hardly detectable levels 
of extractable PG activity, probably due to the enzyme instability, but the activity 
or the mRNA was detected later on; i.e., apple (Wu et al., 1993), persimmon 
(Cutillas-Iturralde et al., 1993), strawberry (Nogata et al., 1993; Redondo-Nevado 
et al., 2001), and melon (Hadfield et al., 1998). Even low activity levels may 
snffice to prodnce extensive pectin disassembly (Hadfield and Bennett, 1998), but 
the total quantity of polyuronide residues and polyuronide length are only slightly 
modified in fruits like strawberry (Huber, 1984; Redgwell et al., 1997). While the 
largest cell wall change dnring strawberry ripening is described as pectin ‘solubil- 
isation’, this occurs in apparent absence of pectin polymer digestion. Only the 
strawberry hemicellulosic polymers appear to be broken down during fruit ripening. 
Thus softening factors other than PG are likely to be active. 

Sitrit and Bennett (1998) showed evidence indicating that PG gene expression 
is ethylene-dependent and responsive to very low levels of ethylene in tomato 
fruit. Nevertheless, there may also exist translational or posttranslational regula- 
tory mechanisms for PG synthesis and activation (Theologis et al., 1993). 

Atkinson et al. (2002) produced transgenic apple-trees that contained additional 
copies of a fruit-specific apple PG gene under a constitntive promoter. The PG 
overexpression cansed various novel phenotypes which included silvery colored 
leaves and prematnre leaf shedding due to reduced cell adhesion in leaf abscis- 
sion zones. Transgenic modification of apple-trees by a single PG gene has provided 
a new outlook on the role of pectin and cell wall adhesion in organs other than 
fruits. 

3.2. Pectin methylesterase 

Pectin methylesterase (PME; EC 3.1.1.11) catalyses the hydrolysis of galactosy- 
luronate methyl esters that resnlts in the deesterification of pectins. PME, a 
ubiquitous enzyme in plant tissnes (Sajjaanantakul and Pitifer, 1991; Gaffe et al., 
1997), is plentiful in many fruits such as tomato (Gaffe et al., 1994) and peach 
(Glover and Brady, 1994). In normal tomato fruit, there is a significant drop in 
the degree of methyl-esterification of cell wall pectin during ripening (Koch and 
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Nevins, 1989), which is associated with PME activity. This enzyme was proposed 
to be involved in the degradation of pectic cell wall components by lowering 
the degree of methoxylation of fruit pectins, thus making a-galacturonoside linkages 
in the pectin backbones available for cleavage by PG (Koch and Nevins, 1989) 
or, perhaps, rhamnogalacturonase (Gross et ah, 1995; Seymour and Gross, 1996). 

PME protein and activity are present throughout fruit development and ripening. 
Different isoforms of tomato fruit PME were isolated and cloned (Harriman et al., 
1991; Gaffe et al., 1994) and PME activity was reduced to 10% of the normal 
levels by introducing antisense transgenes (Tieman et al., 1992; Hall et al., 1993). 
Transgenic tomatoes with diminished PME activity showed a higher degree of pectin 
esterification, increased pectin molecular weight (Tieman et al., 1992), and higher 
levels of soluble solids (Tieman et al., 1992, 1995). Antisense PME fruit processed 
to juice displayed some improved characteristics such as higher total and soluble 
solids, increased serum and paste viscosity, and lowered serum separation (Thakur 
et al., 1996). On the other hand, reduced PME activity did not affect ripening- 
associated fruit softening but caused an almost complete loss of tissue integrity 
during fruit senescence, which was associated with a significant decrease in bound 
divalent cations, Ca^^ and Mg^"^ (Tieman and Handa, 1994). Thus, methyl esterifi- 
cation could also contribute to cell wall architecture by influencing the concentration 
of calcium cross-bridges between pectin chains (Tieman and Handa, 1994). 

3.3. Pectate lyase 

Pectate lyases (PL; EC 4. 2. 2. 2) are also enzymes involved in pectin degradation. 
They catalyse the cleavage of a-l,4-galacturonoside linkages in the polymer 
backbone, causing depolymerisation. However, the mechanism of the reaction differs 
from the hydrolysis catalysed by PG. PL causes a (3 -elimination that introduces 
an unsaturated C4-C5 bond at the non-reducing terminus of the newly generated 
pectin polymer reaction product. 

Secretion of PL by both plant pathogenic bacteria and fungi is known to be 
induced by the presence of pectic substances (Collmer and Keen, 1986; Kotoujansky, 
1987) and serves to cleave the middle lamella or primary cell wall of the host tissues. 
Both endo- and exo-PL activities have been found. The pectinolytic activity of 
PL is often sufficient to lead to host tissue maceration, particularly if an endo- 
acting PL is present. These enzymes were also detected in tomato and tobacco styles 
(Budelier et al., 1990), pollen grains (Wing et al., 1989; Rogers et al., 1992; 
Turcich et al., 1993) and mesophyll cell cultures (Domingo et al., 1998). 

Clones with homology to PL are abundant in banana, a climacteric fruit (Medina- 
Suarez et al., 1997; Dominguez-Puigjaner et al., 1997; Drury et al., 1999; Pua et 
al., 2001), and also in non-climacteric fruits such as grape berry (Nunan et al., 2001) 
and strawberry (Medina-Escobar et al., 1997) suggesting a role for the putative 
enzymes relevant to wall disassembly during ripening. Pua et al. (2001) reported 
two different banana cDNAs, MWPLl and MWPL2 which were found to be full- 
length clones. Those cDNAs showed distinct temporal and spatial expression. In 
ripening fruit, both cDNAs were expressed in pulp and peel, and their expression 
increased following ethylene treatment. A previously reported cDNA, BanlJ, showed 
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high homology to MWPLl, and its mRNA also accumulated in green bananas in 
response to exogenous ethylene (Dommguez-Puigjaner et al., 1997). 

A single PL cDNA fragment, named VvPLl, was obtained from grape berry 
(Nunan et al., 2001). Relatively high levels of transcripts were found in the period 
following veraison but PL mRNA was also present during the first month after 
flowering. 

In the strawberry plant, the expression of the putative PL gene occurrs predom- 
inantly in the receptacle and seems to be under the control of auxins (Medina-Escobar 
et al., 1997). Transgenic strawberry plants incorporating an antisense sequence of 
a PL gene have been obtained (Jimenez-Bermudez et al., 2002). These plants dis- 
played a lower degree of in vitro cell wall swelling, a lower amount of ionically 
bound pectins, and a significant reduction of softening during ripening and posthar- 
vest storage. Thus, the eliminative cleavage performed by this enzyme may play a 
key role in wall pectin modification in species like strawberry that acquire a melting 
texture in very short periods. 

3.4. Endo-1,4- p-D-glucanase 

Endo-l,4-(3-D-glucanase (EGase; EC 3. 2. 1.4) activity has been associated with 
modifications in cell wall structure that accompany several processes, including fruit 
growth and ripening. These enzymes catalyse the endo-hydrolysis of polymer back- 
bones containing contiguous (3-1,4-linked glucosyl residues. In fact, the terms 
‘cellulase’ and ‘carboxymethylcellulase’ have been widely utilized to identify these 
enzymes but these names may be confusing because there is no evidence that EGases 
catalyse the hydrolysis of the crystalline microfibrillar phase of cellulose. The natural 
cell wall substrates for this group of enzymes are assumed to be part of the hemi- 
cellulosic fraction (xyloglucan, some regions of non-crystalline cellulose and, 
perhaps, specific sites of the glucomannan). 

The EGases are usually present as a divergent family of enzymes with several 
molecular forms. Different isoenzymes have been found in tomato fruit (Maclachlan 
and Brady, 1992) and avocado (Kanellis and Kalaitzis, 1992), the latter showing 
particularly high activity levels when extracts of fruit proteins were assayed against 
carboxymethylcellulose, a cellulose-like substrate often used in assays. In contrast, 
EGase was found at a low level of activity (James et al., 1999) or no EGase could 
be detected in ripening berries, either at the enzyme or mRNA level (Nunan et 
al., 2001). Different ‘cellulase’ (i.e., EGase) mRNAs accumulate at several stages 
of tomato fruit development (Lashbrook et al., 1994; Gonzalez-Bosch et al., 1996; 
Brummell et al., 1997; Kalaitzis et al., 1999; Catala et al., 2000). Three tomato EGase 
mRNAs (LeCell, LeCel2 and LeCelS) exhibit a differential expression during 
ripening (Lashbrook et al., 1994; Gonzalez-Bosch et al., 1996; Kalaitzis et al., 1999) 
but antisense suppression of EGase gene expression resulted in no impact on fruit 
softening when accumulation of either LeCell or LeCell mRNA was reduced to 
ca. 1% of normal levels (Lashbrook et al., 1998; Brummell et al., 1999a). In straw- 
berry receptacles, increases in EGase activity and mRNA seemed to correlate with 
softening (Harpster et al., 1998; Llop-Tous et al., 1999; Trainotti et al., 1999; Woolley 
et al., 2001). The expression of one strawberry fruit EGase gene (FaCell) was found 
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to be both fruit-specific and ripening-related (Harpster et al., 1998; Woolley et 
al., 2001). Nevertheless, the antisense down-regnlation of EGase FaCell expres- 
sion did not have a noticeable effect on total EGase activity and firmness (Woolley 
et ah, 2001). 

A role for EGases in cell wall dissolution processes was suggested for avocado 
fruit (Tucker et ah, 1987; Cass et al., 1990). In peach frnit, two different EGases 
were identified: one form was present in the early growth of the fruit while the other 
one was abundant during ripening (Bonghi et ah, 1998). The second activity was 
increased by propylene treatment. In bell pepper, a ripening-related EGase mRNA 
(CaCell) was up-regulated with exogenous ethylene (Eerrarese et al., 1995; Harpster 
et ah, 1997). 

In contrast to climacteric fruit, the regulation of strawberry fruit ripening-related 
EGase gene expression was fonnd to be associated with auxin levels (Harpster et 
al., 1998). Nevertheless, ethylene can exert marked increases in EGase mRNA 
from other tissues of non-climacteric species, as happens in calyx abscission zones 
of the Valencia orange (Burns et ah, 1998). In addition, auxins regulate the expres- 
sion of some members of the EGase gene family dnring growth of climacteric 
fruit (i.e., tomato; Rose et ah, 1997a; Catala et ah, 2000). 

The EGases have been found in fruits of many species at different levels of 
activity though the specific roles of EGases have not been definitively described. 
Convincing evidence for their natural target has only been shown in a few species 
(Brummell et ah, 1994). Most EGases are probably capable of hydrolysing the back- 
bones of xyloglncan to some extent. However, the hypothesis that proposes 
xyloglucan as the native cell wall target for EGases seems to be argued against 
by the generally low relative affinity for that snbstrate. Eor instance, strawberry 
EGase was more active against carboxymethylcellulose though it showed appre- 
ciable activity against xyloglncan (Woolley et ah, 2001). In addition, important 
approaches nsing transgenic tomato, pepper, and strawberry plants did not add insight 
into the role of these enzymes (Lashbrook et ah, 1998; Brummell et ah, 1999a; 
Brummell and Harpster, 2001; Woolley et ah, 2001). The issue of the role of EGase 
activities in digesting of xyloglucan (of any heteropolysaccharide, in fact) is made 
more complicated by the fact that the native polymer presents only a few suscep- 
tible backbone target linkages unless it is first modified by enzymes that act to 
remove sugar-containing side groups. This consideration also complicates our under- 
standing of the precise roles of pectin-digesting enzymes like PG, PL and PME 
(see the discussion of ‘glycosidase-type’ activities beginning with section 3.7). 
Substrates other than xyloglucan are digested by avocado EGase. These inclnde sub- 
strates not fonnd in cell walls, like cello-oligosaccharides (Hatfield and Nevins, 
1986) and potential wall-localised targets such as matrix glycans (O’Donoghue 
and Hnber, 1992), and non-crystalline regions of cellulose microfibrils (O’Donoghue 
et ah, 1994). 

3.5. Xyloglucan endotransglycosylase 

Another type of cell wall-modifying enzyme, xyloglucan endotransglycosylase (XET; 
EC 2.4.1.207), was discovered in plant tissues in the early 1990s (McDougall and 
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Fry, 1990; Smith and Fry, 1991; Fry et al., 1992b; Nishitani and Tominaga, 1992; 
Fanutti et al., 1993). In vitro, XET has been shown to cleave the (3-1,4-D-glucan 
backbone of xyloglucan (acting as a ‘donor’) and transfer the reducing end produced 
during that cleavage to a different xyloglucan polymer or one of several oligosac- 
charides produced upon EGase-catalised digestion of xyloglucan (acting as 
‘acceptors’). Theoretically, this cleavage and subsequent reconnection of potential 
load-bearing bonds makes cell wall flexibility possible without loss of strength 
(Ery et al., 1992a). This is considered a possible mechanism for regulating or facil- 
itating cell expansion. XET was proposed to be involved in the incorporation of 
de novo synthesized xyloglucan into the wall and reorganization of the xyloglucan- 
cellulose framework during plant tissue growth (Ery, 1995). However, some 
xyloglucan oligosaccharides, perhaps generated by the EGase action on xyloglucan 
discussed above, may become important acceptor substrates for XET during fruit 
ripening leading to the general depolymerisation (i.e., reduction in backbone length) 
of xyloglucan. This would allow XET to play a key role in softening, assuming 
that wall cross-links involving xyloglucans are crucial determinants of overall cell 
wall integrity (Redgwell and Ery, 1993; Cutillas-Iturralde et al., 1994; Maclachlan 
and Brady, 1994). Sulova et al. (1998) showed that XET forms a relatively stable 
donor polymer-enzyme intermediate prior to decomposing by transfer of the attached 
donor xyloglucan fragment to a xyloglucan acceptor (transglycosylation) or, as a 
secondary and slower alternative, to water (therefore catalysing a hydrolytic 
reaction). 

XET activity was identified in different fruits among them tomato, kiwifruit 
and apple (Maclachlan and Brady, 1992; Redgwell and Ery, 1993; de Silva et al., 
1994; Percy et al., 1996). XET activity in kiwifruit was found to be tissue-depen- 
dent, that is, not uniformly distributed throughout the different parts of the fruit. 
At harvest, the activity was 4.5 and 42 times higher in the inner pericarp and core 
tissues respectively than in the outer pericarp but the subsequent increase in activity 
during ripening was more marked in the outer pericarp (Redgwell and Ery, 1993). 
XET activity was found to be present throughout fruit ontogeny, as happens with 
several other wall-modifying activities found in ripening fruits (i.e., glycosidases, 
see below), and proved to be particularly high in very young, actively expanding 
fruit. XET activity levels declined during late development but displayed a cli- 
macteric increase during ripening. Multiple XET enzymes appear to be present in 
fruits. mRNA of an XET gene accumulates during fruit growth and is probably 
regulated by auxins (Catala et al., 2000), as also happens in expanding tomato 
hypocotyls (Catala et al., 1997), while the mRNA of another XET gene reaches 
maximal levels at the pink stage during ripening (Arrowsmith and de Silva, 1995). 
In grape berry, two cDNA fragments encoding XET (VvXETl and VvXET2) have 
been described (Nunan et al., 2001). Their transcripts were present at relatively 
high levels during ripening though they were also detected before veraison. In 
kiwifruit, a ripening-related XET was detected at relatively high activity levels 
and found to be regulated by ethylene (Redgwell and Ery, 1993; Schroder et al., 
1998). 

Research using an antisense transgene of an XET gene expressed during tomato 
fruit development led to fruits with a smaller final size and higher soluble solids 
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contents, thus supporting the hypothesis that XET activity affects cell expansion and 
fruit growth (Asada et al., 1999). In contrast, when a ripening-related XET gene 
expression was repressed via antisense, no correlation with fruit softening was 
detected. Evidence for a role for XET during ripening has proven to he difficult 
to obtain, perhaps because multiple XET genes are expressed during ripening 
(Brummell and Harpster, 2001). 

3.6. Expansins 

Expansins are members of a family (McQueen-Mason et al., 1992) of small (25- 
27 kD) proteins proposed to act by disrupting hydrogen or noncovalent steric 
bonds between cellulose and non-cellulosic glycans thus permitting ‘turgor-driven 
polymer creep’ (McQueen-Mason and Cosgrove, 1994; Cosgrove, 2000a). These 
proteins lack transglycosylase activity and probably do not have hydrolytic activity 
either but are the only cell wall-associated proteins capable of catalysing the exten- 
sion of killed seedling stem tissues held under tension in vitro. A large body of 
evidence generally reports close correlation between expansin gene expression, 
expansin activity and growth of various plant tissues (reviewed in Cosgrove, 1997, 
1998, 1999, 2000a, 2000b; Darley et al., 2001). The first expansins were called 
the a-expansin family, while the group I allergens and related genes expressed in 
vegetative tissues, with a limited but significant sequence identity to expansins, have 
been called (3-expansins (Cosgrove et al., 1997). Both groups display wall-loosening 
activity. 

LeExpl was the first expansin gene identified that is specifically expressed in 
ripening fruit (Rose et al., 1997b). No LeExpl mRNA accumulation was detected 
in vegetative tissues and the expression of the gene proved to be regulated by 
ethylene. Thus, some expansins could play a role in cell wall disassembly in soft- 
ening tissues, perhaps by increasing the accessibility of noncovalently bound 
polymers to endogenous hydrolytic action (Rose et al., 1997b). This suggestion 
may be supported by subsequent work (Brummell et al., 1999b) in which the depoly- 
merisation of tomato fruit cell wall pectin, polymers not likely to be directly affected 
by expansin action, was influenced by transgenically modified fruit expression of 
expansin genes. 

At least 10 different tomato expansin genes have already been identified 
(http://www.bio.psu.edu/expansins). The expression of some of them is regulated by 
auxin (Catala et al., 2000) but only a few are expressed during ripening. LeExpl 
mRNA and protein accumulate at the onset of ripening while LeExp3 and LeExpS 
mRNAs decline during ripening (Rose et al., 1997b, 2000; Brummell et al., 1999b, 
1999c). 

Silencing of the endogenous LeExpl gene by sense suppression led to fruits 
with very low LeExpl protein accumulation, ~3% of that in wild-type tomatoes 
(Brummell et al., 1999b). Le£xp7-suppressed fruit had an extended shelf life but not 
an enhanced resistance to attack by Botrytis cinerea or Alternaria alternata 
(Brummell et al., 2002). Rheological properties of tomato pastes produced by con- 
centrating the disrupted pulp and juice from these fruits were improved, apparently 
because the product displayed an increase in gross viscosity (Brummell et al., 2002). 
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Repression of LeExpl resulted in increased fruit firmness throughout ripening. In 
contrast, overexpressed recombinant LeExpl protein enhanced softening (Brummell 
et ah, 1999b). Suppression of LeExpl protein inhibited polyuronide depolymeri- 
sation significantly but did not prevent breakdown of hemicelluloses. Thus, LeExpl 
could be involved in the relaxation of the cell wall and in the control of the access 
of pectinases to their substrates. 

A ripening-related strawberry a-expansin gene, FaExpl, was expressed in fruits 
at the white stage, and transcript accumulation remained at high levels during 
ripening (Civello et al., 1999). At least six expansin genes were found to be expressed 
during growth and ripening of strawberry (Harrison et al., 2001), as is the case 
for tomato fruit (Brummell et al., 1997c). The transcripts showed distinct but par- 
tially overlapping periods of accumulation. mRNA of EaExp3 was expressed in small 
green fruit and in ripe fruit. While mRNA of FaExp4 was present throughout fruit 
development, it was markedly accumulated during ripening. FaExpS gene expres- 
sion was ripening-specific and up-regulated at the onset of ripening. Despite its 
low levels in fruit, the expression profile of FaExp6 was relatively high at the white, 
turning and orange stages. FaExpl transcripts reached maximal accumulation at 
the white stage. Additionally, substantial rates of extension-promoting activity 
(assayed in vitro using fruit protein extracts) were detected, but not when protein 
from unripe fruit was used. These results suggested key roles for expansins in the 
cell wall changes during fruit softening as well as other aspects of fruit develop- 
ment that require cell wall modification. Rose et al. (2000) reported expansin proteins 
immunologically related to LeExpl in several fruits (e.g., ripening pear, melon, 
avocado) suggesting that the wall modification events catalysed by expansins are 
a common feature of fruit ripening. 

3.7. P-D-galactosidase 

The removal of sugar residues that are parts of side-chains appended to the 
backbones of different matrix polysaccharides is attributable to the action of exo- 
glycosylhydrolases (glycosidases) (Dey and del Campillo, 1984; Fry, 1995). An 
integral classification system of the catalytic domains of glycoside hydrolases, 
designed to combine both structural and mechanistic features of these enzymes, 
was introduced by Henrissat (1991) and continuously updated (Henrissat and 
Bairoch, 1993, 1996; also available on the web server at http://afmb.cnrs-mrs.fr/ 
CAZY/index.html). During the last decade, considerable attention has been given 
to the release of neutral sugars from the cell wall, a major process in the develop- 
ment and ripening of many fruits, and to understanding how the various enzymes 
and their different isoforms affect these processes. 

Some changes in fruit cell wall components that affect the cell wall content of 
different sugars and polysaccharide structures are readily detectable prior to the onset 
of ripening. In many cases, these changes also occur in ripening fruit, although 
then they occur at a greater rate. Among these are PG- and PME-independent 
changes in the sugar residues (notably galactose and arabinose). This sort of obser- 
vation raised developmentally important questions. Are the glycosidases that catalyse 
changes in unripe fruit the same as those acting in ripe fruit? Do they all target 




Strategies for the Regulation of Postharvest Fruit 



145 



the same polymer in the cell wall? Is there a cause-effect relationship between 
ripening and neutral sugars? 

Galactose is the most ‘dynamic’ sugar in cell walls when fluctuations in overall 
wall sugar coincentrations are followed over the course of development of many 
fruits (Gross and Sams, 1984; Gross, 1990; Redgwell et ah, 1997a). This is one 
of the reasons why most of the glycosidase work in fruits has been devoted to 
galactosidases in general and to (3-D-galactosidase ((3-Gal; EC 3.2.1.23) in partic- 
ular. (3-Gal was identified and characterized in many fruits, among them tomato 
(Pressey, 1983), orange (Burns, 1990), apple (Dick et al., 1990; Ross et al., 1994), 
muskmelon (Ranwala et al., 1992), avocado (De Veau et al., 1993; Tateishi et al., 
2001b), kiwifruit (Ross et al., 1993), Coffea arabica (Golden et al., 1993), per- 
simmon (Kang et al., 1994), sweet cherry (Andrews and Li, 1994), Japanese pear 
(Kitagawa et al., 1995), mango (Ali et al., 1995), papaya (Lazan et al., 1995; Ali 
et al., 1998) and sweet pepper (Biles et al., 1997). In tomato fruit, three (3-Gal 
activities have been purified and characterized (Pressey, 1983); one of the isoforms, 
(3-Gal II, proved to be capable of catalysing the in vitro degradation of a(3-l,4-D- 
galactan isolated from tomato cell walls (Pressey, 1983; Carey et al., 1995). This 
isoform and the TBGl enzyme (see below) are active against various (3-galacto- 
side linkage-containing substrates and, consequently, the name (3-D-galactosidase/ 
exo-galactanase is more precise (Smith and Gross, 2000; Carey et al., 2001). 
Softening during tomato fruit ripening showed a temporal correlation with increasing 
(3-Gal II activity (Pressey, 1983; Carey et al., 1995; Carrington and Pressey, 1996) 
and a correlated substantial decrease in cell wall galactosyl residue has been reported 
as one of the most evident cell wall compositional changes (Wallner and Bloom, 
1977; Gross and Wallner, 1979; Gross, 1984; Seymour et al., 1990; Kim et al., 1991). 
Highest (3-Gal II activity, as well as maximum softening was found in red-ripe 
fruit, while antisense 1-aminocyclopropane-l -carboxylic acid (ACC) synthase fruit 
failed to display an increasing (3-Gal II activity pattern (Sozzi et al., 1998a), thus 
indicating that (3-Gal II gene expression is likely to be induced by ethylene. 
Moreover, the rate of galactosyl residue loss from cell wall polymers increased during 
ripening, coinciding with an increase in free, monomeric (ethanol- soluble) galactose 
(Kim et al., 1991). These findings suggest the possible involvement of (3-Gal II in 
cell wall modification. The in vivo substrates of galactosidases during growth and 
ripening are still an open question because various cell wall polymers (such as pectic 
galactans and some hemicellulosic polymers) are likely to contain potential (3-Gal 
targets (Pressey, 1983; O’Neill et al., 1990; Redgwell et al., 1992; Carpita and 
Gibeaut, 1993; Maclachlan and Brady, 1994). The unbranched (3-1,4-D-galactans 
attached to the rhamnosyl units in the rhamnogalacturonan I, and the (3-D-galac- 
tosyl residues that are appended to some xylosyl-residue-containing side groups 
of xyloglucans are probably natural substrates for this enzyme. Jones et al. (1997) 
immunolocalized galactan-rich side-chains of pectin in tomato pericarp cell walls 
and found a significant decrease in middle lamella labelling during ripening, 
suggesting that middle lamella polysaccharides may be targets of (3-Gal action 
during ripening and, thus, a major source of the monosaccharide galactose that 
accumulates. 

(3-Gal cDNAs were isolated and their expression examined in different fruits. 
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among them apple (Ross et ah, 1994), tomato (Carey et ah, 1995; Smith et ah, 1998; 
Smith and Gross, 2000), strawberry (Trainotti et ah, 2001), grape berry (Nunan et 
ah, 2001), Japanese pear (Tateishi et ah, 2001a) and avocado (Tateishi et ah, 2002). 
In apple, the expression of the gene pABGl was ripening-related, and its mRNA 
accumulated in correspondence with autocatalytic ethylene biosynthesis (Ross et ah, 
1994). The isolation of other homologous apple clones suggested the presence of 
a multigene family. That was certainly the case for tomato fruit where a gene 
family consisting of seven (3-Gal cDNAs (called TBG1-TBG7) was identified (Carey 
et ah, 1995; Smith et ah, 1998; Smith and Gross, 2000). Also, three cDNAs (named 
Fa^gall, 2, and 5), encoding different (3-Gals were isolated from ripening straw- 
berry (Trainotti et ah, 2001). 

TBGl was the first (3-Gal gene to be cloned from tomato (Carey et ah, 1995). 
When expressed in yeast, it yielded a protein that showed (3-galactosidase/exo-galac- 
tanase activity (Carey et ah, 2001). However, transgenic plants with reduced TBGl 
mRNA (10% of normal levels) did not display a reduction in overall (3-galactosi- 
dase/exo-galactanase activity, decreased cell wall galactosyl residue loss, or altered 
fruit softening. In fact, there are at least two galactan-degrading (3-Gals in tomato, 
the TBG4-encoded enzyme apparently being the most important contributor to the 
loss of cell wall galactan (Smith et ah, 1998; Carey et ah, 2001). 

Only one member of the tomato (3-Gal gene family, TBG2, was likely to be 
fruit-specific (Smith and Gross, 2000). Transcript accumulation of TBGl, TBG3, 
TBG4, and TBG5 was found to be ripening-related while TBG6 transcripts accu- 
mulated during the pre-ripening stages. TBG2-, TBG4-, and TBG6-encoded enzymes 
may be involved in cell wall modification but (as discussed above) TBG4 is likely 
responsible for most of the cell wall galactose loss taking place during ripening. 
Its expression was first detected at the breaker stage and reached its peak at the 
turning stage. In addition, it was most abundant in the epicarp. 

Many glycosidases exhibit different cellular targeting other than cell walls. For 
instance, the TfiGZ-encoded enzyme was predicted to be targeted to the chloro- 
plast and could be related to the chloro/chromoplast galactolipid metabolism during 
development (Smith and Gross, 2000). General information on where the glycosi- 
dases are located before the tissue is disrupted for analysis is weak. In any case, 
many fruit glycosidases are not responsible for cell wall modification and are 
probably involved in other processes such as assimilate movement, hormonal or lipid 
metabolism, storage in vacuoles, etc. (see below). 

Antisense suppression of TBG3 (named tEGlA), which also resulted in the 
reduced expression of TBGl and TBG4, led to a 75% decrease in extractable exo- 
galactanase activity, increased cell wall galactosyl residue content, and increased 
cell wall labelling with an antibody probe that specifically recognized polymeric 
galactan (de Silva and Verhoeyen, 1998). 

D. L. Smith and K. C. Gross have produced antisense (3-Gal II tomatoes that 
are 40% firmer than unmodified controls and, during ripening, stay firmer than 
fruit from control lines for at least two weeks (see http://www.ars.usda.gov/is/ 
AR/archive/dec00/tomatol200.htm). Thus, the (3-Gal Il-catalysed removal of galac- 
tose from cell wall substrates during tomato ripening seems to play a key role in 
the loss of structural integrity. 
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A nearly full-length cDNA encoding (3-Gal (called VvBGl) was obtained from 
grape berry (Nunan et al., 2001). Northern analysis detected VvBGl mRNA in 
both pre- and early post-veraison stages which correlated with an increase in 
extractable (3-Gal activity and a decline in cell wall galactan early in fruit devel- 
opment (Nunan et ah, 1998). 

In Japanese pear, a cDNA fragment (called JP-GAL) encoding a (3-Gal was cloned 
(Tateishi et ah, 2001a). Neither JP-GAL transcripts nor (3-Gal III activity (Kitagawa 
et ah, 1995) were identified in immature fruit, but both showed increasing levels 
during ripening. JP-GAL mRNA was detected in fruits but not in buds, leaves, 
roots or shoots. mRNA accumulation was consistent with (3-Gal III activity in 
different cultivars thus suggesting a link between the JP-GAL mRNA and the 
protein. 

If an abundance of fruit (3-Gal-encoding genes and their products are good indi- 
cators, then it is clear that this glycosidase plays an important role in fruit wall 
modification, both during fruit growth and ripening. In either developmental 
situation, whether (3-Gal action is solely responsible for altered wall physical char- 
acteristics or the enzyme contributes to making pectin backbone substrates accessible 
to PG or PL action or xyloglucan or other hemicelluloses accessible to EGases, XETs 
or other, yet unidentified enzymes and this concerted action is the full explana- 
tion for effects on fruit firmness remain to be seen. 

3 . 8 . a-D-galactosidase 

a-D-Galactosidase (a-Gal; EC 3.2.1.22) is a class of exoglycosidase capable 
of hydrolysing a-galactosidic linkages. The presence of this specific class of 
enzyme is expected in species that transport most of their assimilated carbon 
as oligosaccharides containing a-D-galactoside linkages (see below). However, 
cell wall polysaccharides contain a low concentration of a-linked galactosyl 
residues. a-Gals were found in tomato (Wallner and Walker, 1975; Pharr et al., 
1976; Pressey, 1984; Watkins et al., 1988; Gross et al., 1995; Sozzi et al., 1996, 
1998a), peach (Kupferman and Loescher, 1980), pear (Ahmed and Labavitch, 1980), 
orange (Burns, 1990), muskmelon (Fils-Lycaon and Buret, 1991; Ranwala et al., 
1992), olive (Heredia et al., 1993; Fernandez-Bolanos et al., 1995), goldenberry 
(Trinchero et al., 1999), and grape (Nunan et al., 2001; Kang and Lee, 2001). 
In some studies, a-Gal activity changed little during ripening (Wallner and 
Walker, 1975; Pharr et al., 1976). While this may reflect a steady rate of expres- 
sion of the corresponding genes, it could be coincidental, due to the fact that assays 
of crude protein extracts indicate only total activity, obscuring the distinctions 
between different isoforms that are expressed at differing times during fruit 
development. 

In tomato fruit, two a-Gal activities were purified and characterized (Pressey, 
1984); they are A-glycoproteins with a lectin-type behaviour (Gross et al., 1995). 
a-Gal presence was reported throughout the ontogeny of the fruit, with increasing 
activity present in protein extracts from ripening fruits (Sozzi et al., 1998a). Also, 
a significant difference was detected between normal and antisense ACC synthase 
tomatoes after the breaker stage thus suggesting that at least one isoform is ethylene- 
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dependent. In grape berry, a non-climacteric fruit, a-Gal activity displayed a great 
increase between 4 and 12 weeks after fruit bearing (Kang and Lee, 2001). 

Whether a-Gal plays a role in fruit softening remains unclear but there are cell 
wall components that may be potential targets for this enzyme. a-Gal could have 
the ability to cleave a-l,4-galactosyl residues which are minor constituents of the 
rhamnogalacturonan II (O’Neill et ah, 1990). In fact, purified avocado a-Gal brought 
about the in vitro degradation of tomato fruit pectin (De Veau et ah, 1993). In 
fruits like grape berry or tomato, the presence of proteins rich in hydroxyproline 
may indicate the occurrence of extensin and galactomannans, both of which contain 
a-D-galactosyl units (Nunan et ah, 1998). Nevertheless, a-Gal functions may differ 
among isoforms and fruits. In Cucurbitaceae, a-Gal may catalyse the conversion 
of imported raffinose oligosaccharides to sucrose, releasing galactosyl residues 
(Chrost and Schmitz, 1997, and references therein). a-Gal from grape flesh was 
capable of hydrolysing in vitro different potential natural substrates (stachyose, 
melibiose, and raffinose) but showed a higher affinity for stachyose (Kang and 
Lee, 2001). Thus, a-Gal roles in fruits may include the degradation/turnover of 
oligosaccharides (Dey and del Campillo, 1984). 

3.9. a-L-arabinofuranosidase 

The cell wall is by far the major arabinose-containing component of plants. 
Arabinose is the primary neutral sugar residue lost from the cell wall, during 
maturation, in commercially important fruits, such as pear, peach, nectarine, blue- 
berry and strawberry (Gross and Sams, 1984) and significant changes in arabinose 
content have also been detected in avocado and kiwifruit (Redgwell et ah, 1997a). 
In tomato, 25% of the cell wall arabinose may be released in the 4- to 5-day 
period between the turning and the red-ripe stages (Gross and Sams, 1984). In 
Charentais melons, a 31% decrease in the arabinose-containing components of the 
noncellulosic neutral sugars in the alcohol-insoluble solids occurred between the 
immature-green and the overripe stages (Rose et ah, 1998). Several polysaccha- 
ride types might be involved. 

a-L-Arabinofuranosidase (a-L-arabinofuranoside arabinofuranohydrolase, a-Af; 
EC 3.2.1.55) may potentially trim terminal non-reducing a-L-arabinofuranosyl 
groups off various pectic and hemicellulosic homo (arabinans) and heteropolysac- 
charides (arabinogalactans, arabinoxylans, arabinoxyloglucans, glucuronoara- 
binoxylans, etc.) as well as different glycoconjugates (Beldman et ah, 1997; Saha, 
2000). a-Afs have been widely studied in microorganisms and also in different plant 
tissues such as seeds, callus, cell cultures, and leaves (Saha, 2000, and references 
therein). While the activity of this enzyme has been detected in many fruits such 
as pear (Ahmed and Labavitch, 1980; Dick and Labavitch, 1989), apple (Dick et 
ah, 1990; Yoshioka et ah, 1995), muskmelon (Fils-Lycaon and Buret, 1991), olive 
(Heredia et ah, 1993; Fernandez-Bolanos et ah, 1995), avocado (De Veau et ah, 
1993), Japanese pear (Tateishi et ah, 1996), goldenberry (Trinchero et ah, 1999), 
apricot (Cardarelli et ah, 2002), kiwifruit (E. J. Boquete and G. O. Sozzi, unpub- 
lished data), and tomato, both in pericarp (Campbell et ah, 1990; Sozzi et ah, 1998b; 
Sozzi et ah, 2000) and locule (Cheng and Huber, 1997) cell walls, the enzymes 
have not yet been studied in detail in most fruits. 
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a-Af activity is detectable throughout pre-ripening development of Japanese 
pear (Tateishi et ah, 1996) and also of normal tomato fruit and an ethylene synthesis- 
suppressed line expressing an antisense ACC synthase transgene (Sozzi et ah, 2002a). 
The great increase in the extractable a-Af activity exhibited by ripening control fruit 
only occurred in the antisense fruit if they were given postharvest ethylene treat- 
ment (Sozzi et ah, 2002a). 

Three different a-Af isoforms were identified by size exclusion chromatog- 
raphy of protein extracts from tomato pericarp tissue (Sozzi et ah, 2002b). a-Af I 
and II were active throughout fruit ontogeny. a-Af I was a zinc-dependent cell 
wall enzyme thus suggesting the involvement of zinc in fruit cell wall metabo- 
lism. This isoform was inhibited by 1,10-phenanthroline but remained stable in 
the presence of NaCl and sucrose. a-Af II activity accounted for over 80% of the 
total a-Af activity in fruit sampled after 10 d of development, but its activity dropped 
during ripening. In contrast, a-Af III was ethylene-dependent and active specifically 
during ripening. a-Af I released monosaccharide arabinose from KOH-soluble 
polysaccharides from tomato cell walls while a-Af II and III acted on Na 2 C 03 - 
soluble pectins, suggesting that their cell wall polymer targets are arabinoxyloglucans 
or arabinoxylans and branched rhamnogalacturonans, respectively. Each of the a- 
Af isoforms displayed a different pattern of expression in response to ethylene, 
gibberellic acid, and synthetic auxins in an ethylene synthesis-suppressed, mature- 
green tomato pericarp disc system (Sozzi et ah, 2002b). a-Af I and II activity 
increased when gibberellic acid or 2,4-dichlorophenoxyacetic acid were applied 
while ethylene treatment enhanced only a-Af III activity. Thus, tomato a-Afs may 
be encoded by a gene family under differential hormonal controls. The precise 
physiological role of each a-Af is not known although the detection of a-Af I and 
II throughout fruit ontogeny suggests their involvement in modification of cell 
wall architecture to facilitate growth. In contrast, a-Af III may be involved in the 
major cell wall breakdown which takes place during ripening. Their different 
activities against cell wall fractions suggest that they have differential substrate speci- 
ficities and distinct in vivo functions. Studies of the distributions of the wall polymers 
in the tomato fruit that are a-Af isoform targets or of the a-Af isoforms them- 
selves have not been reported. Thus, a-Af isoform activity may also differ in its 
spatial distribution. 

3.10. a- and P-D-xylosidase and xylan endohydrolase 

a-D-Xylosyl residues usually occur as side-chains, linked to the glucan or galac- 
turonan backbones by an a- 1,6 bond. Different enzymes that modify xyloglucan 
oligosaccharides have been found in plant tissues, among them (a-D-xylosidase 
(a-Xyl; EC 3.2.1.-) from auxin-treated pea epicotyls (O’Neill et ah, 1989), cotyle- 
dons of nasturtium seedlings (Eanutti et ah, 1991) and cabbage leaves (Sampedro 
et ah, 2001). A gene encoding an a-Xyl active against xyloglucan oligosaccha- 
rides from Arabidopsis has been cloned (Sampedro et ah, 2001). In fruits, few studies 
on a-Xyl have been reported. Eow levels of activity of this glycosidase (assayed 
against the synthetic p-nitrophenyl xyloside substrate) have been reported for fruits, 
such as olive fruit (Heredia et ah, 1993) and peppers (Biles et ah, 1997). O’Neill 
et ah (1989) purified an a-Xyl from pea seedlings that did not act on the chro- 
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mogenic substrate ;r-nitrophenyl-a-D-xylopyranoside but cleaved one specific a- 
xylosidic linkage of xyloglucan-oligosaccharide substrates. Since screens for 
glycosidases in fruits are generally performed using an assortment of artificial 
substrates, it is possible that some important glycosidases may still be undiscovered. 
a-Xyl role may be critical in that xyloglucan-derived oligosaccharides lacking a 
xylosyl residue on the non-reducing terminal (3-linked glycosyl residue are probably 
unable to act as acceptors for XET (Lorences and Fry, 1993). Thus, a-Xyl could 
regulate XET action in muro and, therefore, processes such as growth or tissue 
softening if they require XET participation. 

The complete hydrolysis of the cell wall arabinoxylans is likely to require the 
action of the endo-(3-l,4-D-xylanase or l,4-(3-xylan endohydrolase (EC 3. 2. 1.8) as 
well as a-D-xylosidase ((3-Xyl; EC 3.2.1.37), as is the case for arabinoxylan metab- 
olism in barley seed aleurone cell walls (Taiz and Honigman, 1976). (3-Xyl and 
xylanase have not been studied in detail in fruits but both activities were reported 
in mature avocado fruit (Ronen et ak, 1991). As with a-Afs, extractable (3-Xyl activ- 
ities determined by assays against synthetic substrates are usually low in comparison 
with co-extracted galactosidases. This may not reflect their impact in vivo. The occur- 
rence of (3-Xyl was also verified in tomato (Wallner and Walker, 1975; Pharr et 
ak, 1976), pear and Japanese pear (Ahmed and Labavitch, 1980; Tateishi et ak, 1996), 
muskmelon (Fils-Lycaon and Buret, 1991), plum, apricot and peach (Bouranis and 
Niavis, 1992; Cardarelli et ak, 2002), olive fruit (Fernandez-Bolanos et ak, 1995), 
and kiwifruit (E. J. Boquete and G. O. Sozzi, unpublished data) but not in orange 
juice vesicles (Burns, 1990), grapefruit (Burns and Baldwin, 1994) and apple (Dick 
et ak, 1990). At least three (3-Xyl have been detected in tomato fruit by means of 
size exclusion chromatography (G. O. Sozzi, unpublished data). One of them was 
found to be a ripening- specific isoform. 

All these enzymes potentially targeting xylose-containing polysaccharides could 
be involved in the ripening process although the cell wall xylose content does not 
change appreciably during this event in most fruits (Gross and Sams, 1984). This 
fact is suggestive of a reorganization of the hemicellulosic polymers within the wall, 
rather than digestion leading to solubilisation and/or mobilisation of breakdown 
products into cellular pools for further metabolism. However, xylose was found to 
be the principal cell wall-bound residue lost from apricot cell walls during fruit 
ripening (29%; Gross and Sams, 1984). Additionally, a significant release of xylose 
was found in tomato locule tissue during liquefaction though the major monomeric 
neutral sugars released were rhamnose, glucose and galactose (Cheng and Huber, 
1997). 

3.11. a- and P-D-glucosidase 

To the best of our knowledge, purification and characterization of a fruit a- 
glucosidase (a-D-glucoside glucohydrolase, a-Glc; EC 3.2.1.20) has not yet been 
reported. Activity against synthetic substrates was found to be low or hardly 
detectable in tomato (Pharr et ak, 1976), apple (Dick et ak, 1990), grapefruit 
(Burns and Baldwin, 1994), and goldenberry (Trinchero et ak, 1999) extracts and 
was not detected in both pre-ripe and ripe Japanese pears (Tateishi et ak, 1996). 
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In contrast, a-Glc activity was higher than (3-Glc activity in orange (Burns, 1990) 
and peach (Kupferman and Loescher, 1980). As with other glycosidases (see above), 
these results could be artifactual, a consequence of differential access of the enzymes 
to the simple, synthetic glycoside substrate as it is presented in solution in the 
reaction mixture. The availability of the wall-localized enzyme targets would cer- 
tainly be affected by several factors not present in vitro. 

(3-Glucosidase ((3-D-glucoside glucohydrolase, (3-Glc; EC 3.2.1.21) is also widely 
distributed in fruits, among them tomato (Pharr et al., 1976), apple (Dick et al., 
1990), orange juice vesicles (Burns, 1990; Cameron et al., 2001), muskmelon (Fils- 
Lycaon and Buret, 1991; Ranwala et al., 1992), plum, apricot and peach (Bouranis 
and Niavis, 1992), olive fruit (Fernandez-Bolanos et al., 1995), Japanese pear 
(Tateishi et al., 1996), goldenberry (Trinchero et al., 1999), and sweet cherry (Gerardi 
et al., 2001). 

(3-Glc has been purified from mature orange rag tissue (Cameron et al., 2001). 
The enzyme displayed high activity against different disaccharides (cellobiose, 
laminaribiose, gentiobiose, sophorose, with glycosidic links to carbons 4, 3, 6, 
and 2 of the adjacent glucosyl residue, respectively). Because some of these glu- 
coside linkages are present in cell wall polymers and some are not, it is not clear 
whether the enzyme hydrolyses substrates that are a part of the cell wall or are in 
cellular compartments that are more actively metabolised. For example, the enzyme 
could play a part in phytonutrient modifications as it hydrolysed in vitro some 
phenolic and flavonoid glucosides. 

(3-Glc has also been purified from ripe sweet cherry (Gerardi et al., 2001). This 
enzyme appeared to be related to a (3-Glc cDNA previosly reported (Wiersma 
and Fils-Fycaon, 1996). The enzyme released free glucose and, to a lesser 
extent, galactose from cell walls prepared from ripe sweet cherry, and also acted 
against a range of synthetic substrates including prunasin (Gerardi et al., 2001). 
Immunocytolocalization techniques showed that the enzyme was localised in the 
cytosol and apoplast in unripe fruits but was also associated with the cell wall in 
ripe fruits. This suggests a role for (3-Glc in the cell wall glucose loss that paral- 
lels fruit softening in sweet cherry (Kondo and Danjo, 2001) though, as already 
discussed for most fruits, the major cell wall bound neutral sugars lost from sweet 
cherry pericarp cell walls during ripening are arabinose and galactose. 



4. FACTORS THAT MODIFY TEXTURE THROUGH CHANGES 
IN CELL WALL ENZYME ACTIVITY - PRIMARY AND 
SECONDARY EFFECTS 

4.1. Biotechnology techniques 

The development of molecular genetic techniques has provided a direct means to 
determine the contribution of each cell wall enzyme to fruit softening. In fact, the 
combined suppression of the expression of genes encoding different softening-related 
enzymes by means of antisense transgenes will probably constitute one of the most 
powerful techniques to manipulate ripening associated fruit softening. As already 
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mentioned, many plants showing inhibition of expression or, alternatively, over- 
expression of genes encoding wall-modifying enzymes have been produced. This 
has led to a significant improvement in our understanding of the roles of each of 
these proteins, although their functions in fruit softening are far from being com- 
pletely elucidated (Brummell and Harpster, 2001). 

Several issues pertaining to the complexity of this problem have already been dis- 
cussed. Our understanding of cell wall components from the point-of-view of their 
contributions to overall wall strength is rudimentary. We do not know what the 
most important load-bearing elements of the cell wall are, although we have the 
impression that postharvest treatments (e.g., treatments of fruits with CaCl 2 solu- 
tions) can alter the physical balance. Many of the enzymes discussed above are 
present as families of isoforms. While some members of a given family may target 
cell wall components, it is possible that not all will be involved in cell wall metab- 
olism (e.g., tomato (3-Gal family; Smith et ah, 1998). Furthermore, not only do 
we not have clear data supporting symplastic versus apoplastic localisation of most 
of these enzymes in intact fruits (although cloning of genes can allow us to identify 
protein targeting leader sequence), we do not know the distributions of total activ- 
ities of these enzymes (or their potential cell wall targets) in various parts of fruits. 
The fact that different isoforms exist simply makes the difficulty greater. The optimal 
genetic engineering strategy to manage ripening-related fruit cell wall metabolism 
and, thus, fruit softening will likely require the modulation of a particular enzyme 
isoform or group of cooperating isoforms to the cell wall compartment in a par- 
ticular part of the fruit. Of course, all of this must be managed so that someone at 
the end of the marketing chain can start ripening events in motion at the appro- 
priate time. 

An efficient but non-specific strategy to delay softening in climacteric fruits 
included molecular genetic modification of the fruit’s ability to produce ethylene 
by expression of antisense gene constructs of ACC oxidase (Flamilton et ah, 1990; 
Ayub et ah, 1996) or ACC synthase (Oeller et al., 1991) or by expression of ACC 
deaminase (Klee et al., 1991). Another possibility could be to disrupt ethylene 
binding in a receptor that allows cells to perceive and respond to ethylene (by 
introducing genes such as etrl or Nr, see Hacked et al., 2000) though this strategy 
may affect firmness and the development of other ripe fruit characters perma- 
nently. All these methods also block other desirable pathways (i.e. the biosynthesis 
of pigments, sugars, and a range of volatile compounds responsible for flavour in 
fruits) and would not be sufficient to fully control non-climacteric fruit softening. 
In fact, no strategy for control of non-climacteric fruit ripening that is based on 
an understanding of the endogenous biological factors controlling the process has 
been devised though surveys to determine the functions of genes expressed at the 
onset of ripening have been reported (e.g., in strawberry; Manning, 1998). Vrebalov 
et al. (2002) have shown the importance that plant MADS-box genes may have as 
regulators of fruit ripening. LeMADS-RIN, which encodes the ripening-inhibitor gene, 
is upstream in the cascade of ethylene-regulated events and may represent a global 
developmental regulator shared among climacteric and non-climacteric fruits. 

A different approach to modify the extent of fruit softening consisted of sup- 
pressing expression of the gene LeRablla, encoding a Rah GTPase which might 
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be essential for the control of protein trafficking (Lu et al., 2001). Antisense fruit 
was significantly firmer than the untransformed control and contained reduced levels 
of PG and PME but did not affect ethylene production in all cases. These results 
strongly suggested that ripening-induced Rabll GTPases may be involved in traf- 
ficking cell wall-modifying enzymes to the apoplast. 

4.2. Genetics 

Breeding companies have produced a range of varieties and cultivars bred not only 
to obtain germplasm that responds adequately to specific growing environments 
but also to satisfy consumer quality demand. Nevertheless, traditional breeding is 
a slow process and, in many cases, has failed to provide the hoped-for results. Studies 
aimed at defining the role of cell wall enzymes in tomato fruit softening have 
been aided by the availability of different ripening mutants. All the same, these muta- 
tions exert pleiotropic effects on the whole ripening process and do not allow a 
precise role for these enzymes to be defined. 

Different ripening-impaired mutants have been used as tools to study cell wall 
polymer synthesis (Mitcham et ah, 1991) and degradation (Maclachlan and Brady, 
1994) during tomato ripening. The mutants rin, nor (nonripening). Nr (Never ripe), 
and alcobaca have been characterized by drastically reduced levels of PG activity 
(Tigchelaar et al., 1978; Kopeliovitch et al., 1980; DellaPenna et ah, 1987). 
Moreover, only basal levels of immunologically detectable PG protein were detected 
in propylene-treated rin fruit (Giovannoni et ah, 1989). Nr and nor possessed normal 
levels of PME, but rin showed a drop in PME activity due to a decline in PME 
gene expression (Harriman et ah, 1991). 

The expression of LeCell, an EGase gene, was reduced in the rin mutant whereas 
the expression of LeCel2 was almost absent (Gonzalez-Bosch et al., 1996). LeCell 
mRNA accumulation was responsive to ethylene in said mutation while LeCell 
mRNA was not. In Nr, LeCell was expressed at normal levels but LeCell was 
reduced. Induction by auxin of LeCeU mRNA expression was not detectable in 
the diageotropica tomato, an auxin-insensitive mutant, but was apparent in the Nr 
mutation to a similar degree as wild-type fruit (Catala et ah, 1997; Rose et al., 
1997a). In rin and nor fruit, the accumulation of LeExpl mRNA was found to be 
2% and (1% of that in wild type, respectively, while high levels of transcript were 
apparent in Nr (Rose et ah, 1997b). 

Non-ripening rin and nor mutants showed attenuated galactose loss relative to 
wild-type (Gross, 1984; Kim et ah, 1991) and also a basal (3-Gal II activity level 
throughout their different stages of maturity (Carey et ah, 1995). 

The rin mutant displayed reduced activity of XET though it increased with 
aging (Maclachlan and Brady, 1994). Endo-(3-mannanase (EC 3.2.1.78) activity rose 
in the Nr mutant of cv Ailsa Craig but not in the rin or nor mutants (Bewley et 
ah, 2000). Also, endo-(3-mannanase activity was absent in the non-ripening mutants 
Nr and alcobaca of cv Rutgers. The absence of temporal correlation between loss 
of firmness and endo-(3-mannanase activity in different tomato lines and mutants 
suggested that this enzyme does not have a relevant role in fruit softening (Bewley 
et ah, 2000). 
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Ripening mutants originated from ‘Fantasia’ nectarines were also reported (Brecht 
et al., 1984). These slow-ripening genotypes exhibit almost no increase in ethylene 
production during storage for one month or longer at 20 °C. Thus, these geno- 
types may be a useful framework of analysis to check the supposed softening-related 
role of certain wall-bound enzymes and their hormonal regulation. 

The difference in texture of freestone and clingstone peaches has been attrib- 
uted to PG activity. Clingstone peaches have much lower levels of PG activity 
than freestone fruit (Pressey and Avants, 1978). In fact, PG activity is genetically 
associated with the freestone character (Lester et ah, 1996). 

4.3. Controlled and modified atmospheres 

Controlled and modified atmospheres have proven beneficial in extending the 
postharvest life spans of a wide variety of fruits (Kader, 1992). The basic purpose 
of these technologies is to subject a given commodity to adequate levels of gases 
for maintaining quality (i.e., avoiding anaerobic respiration or damage from exposure 
to high levels of CO 2 ) and retarding senescence. Lately, considerable research has 
been conducted on understanding the physiological and biochemical bases for the 
effects of controlled and modified atmospheres on ethylene biosynthesis and other 
metabolic pathways. Nevertheless, the modes of action of CO 2 and O 2 - assumed 
to be the principal gases causing the beneficial effects on fresh produce - on plant 
tissues are still poorly understood. Furthermore, few studies have been directed to 
understand the effects of postharvest controlled atmosphere storage on the activity 
of potential cell wall hydrolysing enzymes during fruit ripening. Controlled atmos- 
phere storage during tomato ripening proved to be an efficient tool for delaying 
changes in firmness (Kim and Hall, 1976; Sozzi et ah, 1999). Experiments have 
shown that controlled atmospheres prevent PG appearance in tomato (Goodenough 
and Thomas 1980; Goodenough et ah, 1982). Another climacteric fruit, avocado, 
showed suppression of PG and cellulase activity when stored in a low O 2 atmos- 
phere (Kanellis et ah, 1989a, 1989b, 1991). In tomato, 3% O 2 or 20% CO 2 reduced 
ethylene production rates and fruit softening, and delayed the increase in total a- 
and (3-Gal activity, as well as (3-Gal II (Sozzi et ah, 1999). Inclusion of 100 ppm 
ethylene in these controlled atmospheres did not bring about significantly different 
results for (3-Gal II from those without ethylene. It is likely that the only impact 
of low O 2 and/or high CO 2 levels on wall modification is non-specific, a secondary 
consequence of the fact that they slow down the ripening program through their 
effect on ethylene biosynthesis and/or action. 

Surface edible coatings (resins, lipids, polysaccharides and proteins) have been 
extensively used to improve appearance of fruits, minimize quality changes, and 
achieve similar beneficial effects to those of controlled- atmosphere storage (Banks 
et ah, 1993, 1997). Pear fruit treated with coatings showed a delayed softening during 
cold storage (Amarante and Banks, 2001). When held at 20 °C, coated pears showed 
a substantial decrease in softening. This was ascribed to a suppresion of de novo 
synthesis of cell wall degrading enzymes (Amarante and Banks, 2001), probably due 
to a low partial pressure of O 2 in the internal atmosphere of the fruit. 
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4.4. Ethylene antagonistic chemicals 

Researchers have also been searching for more direct strategies to prevent ethylene 
action in frnits, including softening. One approach consists of using ethylene biosyn- 
thesis and binding inhibitors. Some ethylene analogues inhibit its binding to cellular 
receptors and, thus, block responses to the hormone (i.e. the cyclic di-olefin 2,4- 
norbornadiene; Sisler and Yang, 1984). The expression of some ripening-related 
genes encoding cell wall enzymes proved to be strongly blocked when an ethylene 
antagonist is applied (i.e., LeCell and LeCel2, Lashbrook et ah, 1994; LeExpl, Rose 
et ah, 1997b). A peach EGase, which is abundant during ripening, is inhibited by 
2,5-norbornadiene (Bonghi et ah, 1998). Another binding-site competitor, 1-methyl- 
cyclopropene (1-MCP; Sisler and Serek, 1997), a non-toxic and simple organic 
compound, has been released for utilization in many fruits. It can significantly extend 
the storage and delay softening in various species though few experiments have been 
made on its efficacy to block cell wall enzyme activity. 1-MCP has been found to 
suppress the increase in PG activity for up to 12 days in avocado (Jeong et al., 2002) 
and to delay the increase in total (3-Gal, a-Af and (3-Xyl activity during pear ripening 
at 20 °C (G. O. Sozzi, G. D. Trinchero, F. Covatta, and A. A. Fraschina, unpub- 
lished data). In nectarines, PG and PME mRNA abundance was partially inhibited 
5 days after treatment with 1-MCP, or storage at 0 °C (Dong et al., 2001a). PG 
mRNA was further inhibited after a 30-day storage at 0 °C and a 5-day post- 
storage at 20 °C, but EGase mRNA was boosted by 1-MCP. Exo-PG, PG and 
EGase activities were higher in control than in 1-MCP-treated plums but PME 
activity levels did not differ between treated and untreated fruit (Dong et al., 2001b). 
A commercial product based on the ethylene receptor-blocking activity of 1-MCP 
is now used for flower storage and clearance for use on many fruits is being sought. 
1-MCP provides a convenient means for testing the ethylene responsiveness of many 
processes, including whether the hormone activates expression of genes encoding 
cell wall-degrading enzymes. 

4.5. Heat treatments 

Softening can be slowed down in many fruits by a chronic exposure for some days 
to temperatures ranging from 30 to 46 °C, or an acute exposure of short duration 
(minutes or a few hours) to higher temperatures (40 to 50 °C). The temperature 
and exposure time are highly dependent on the commodity (Lurie, 1998; Pauli 
and Chen, 2000). Two of the most apparent symptoms of abnormal ripening in high- 
temperature-exposed fruit are a drastically reduced ethylene production (Cheng et 
al., 1988; Klein, 1989; Dunlap et al., 1990) and a decreased sensitivity to exoge- 
nous ethylene (Yang et al., 1990). The inhibition of softening can be ascribed to a 
combination of different simultaneous causes, among them: (1) disruption of the 
enzymes involved in ethylene synthesis; (2) loss or inactivation of ethylene recep- 
tors and/or the inhability to transfer the signal leading to the synthesis of cell wall 
hydrolases; (3) suppresion of ripening-related mRNA and protein synthesis; (4) 
loss of preexisting activity of some cell wall hydrolytic enzymes. Heat treatment 
could also impact the export of enzymes to the apoplast. 
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In tomato, heat stress triggered a decline in the expression of ripening genes 
(Biggs et ah, 1988; Picton and Grierson, 1988). It interfered with PG accumnla- 
tion (Ogura et ah, 1975; Yoshida et ah, 1984), and inhibited the normal increase 
in soluble polyuronides (Mitcham and McDonald, 1992). In papaya, PG activity was 
reduced after exposure to heat treatments (Chan et ah, 1981; Lazan et ah, 1989). 
Papaya does not recover the ability to soften after heat shock exposure (Pauli and 
Chen, 1990), probably because the expression of genes encoding cell wall hydro- 
lases is normally limited to a short period during ripening (Pauli and Chen, 1983). 
In mango, the extractable PG activity of heated fruit (3 days at 38 °C) increased 
only 2-3-fold during the following 8 days at 25 °C while the activity rose almost 
8-fold in untreated fruit (Ketsa et ah, 1998). 

PME activity was suppressed in tomatoes held at 33 °C (Ogura et ah, 1975), 
and was strongly inhibited in mango following exposure to 38 °C for 3 days (Ketsa 
et ah, 1998). Nevertheless, a high temperature stress may exert diverse physiolog- 
ical effects, depending on the species: the degree of pectin esterification was only 
slightly different in apples exposed to 38 °C for 4 days (Klein et ah, 1995). 

In tomato, the net loss rate of galactosyl and arabinosyl residues from cell walls 
appeared to be affected by heat treatment (Mitcham and McDonald, 1992) and, 
simultaneously, total (3-Gal activity dropped dramatically (Sozzi et ah, 1996). 
Recovery in (3-Gal activity upon transfer of fruits to 21 °C was almost complete, 
and proceeded in parallel with fruit softening (Sozzi et ah, 1996). A similar pattern 
of activity recovery following heat treatment was found for total a-Afs (Sozzi, 2001). 
In mango, (3-Gal activity was partially inhibited immediately after heat treatment, 
but it rapidly increased when the fruit were transferred to 25 °C (Ketsa et ah, 
1998). 

a-Gal activity did not ‘return’ to pre-treatment levels after exposure of mature- 
green tomatoes to 38 °C for 2 days (Sozzi et ah, 1996). In the same experiment, 
endo-(3-mannanase activity was detected in fruit extracts prepared after a 6-day 
period and extractable activity increased slowly during the following days, displaying 
a delayed and reduced maximum compared to activity in control, unheated fruits. 
After exposure to the heat treatment, the endo-(3-mannanase activity did not cor- 
relate with changes in pericarp firmness and its role in fruit softening, if any, is 
unclear (Sozzi et ah, 1996; Bewley et ah, 2000). 

Ripening-related clones encoding proteins that have sequence similarities to (3- 
Glc (called pBAN EU89) and PL (called pBAN EU22 and pBAN EU104) were 
isolated from banana peel (Drury et ah, 1999). pBAN EU89 expression was down- 
regulated when banana fruit were ripened at 35 °C rather than at 20 °C but the 
expression of the putative PL clones was up-regulated. 

4.6. Irradiation treatments 

Irradiation may extend the shelf life of many fruit or cause the development of 
abnormal textural changes depending on the commodity, the dose applied, and the 
time of exposure. Mature-green tomatoes treated with ionizing irradiation (0.7 to 2.2 
kGy from y- or X-ray sources) were significantly softer during the late postirradi- 
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ation period (8-12 days) when compared to nonirradiated fruit (El Assi et al., 1997). 
PG activity was depressed in irradiated tomatoes, the effect being dependent on 
the ripening stage (El Assi et ah, 1997). In contrast, total (3-Gal activity was sig- 
nificantly enhanced in both mature-green and pink irradiated tomato fruit. PME 
increased in irradiated sweet cherries (Somogyi and Romani, 1964), oranges 
(Dennison et al., 1967) and tomatoes (El Assi et al., 1997). 

Treatments with beneficial (hormic) doses of UV-C (3.7 kJ m“^) yielded signif- 
icantly firmer tomato fruit as well as a reduction in PG, PME, (3-Gal, and xylanase 
activity (Barka et al., 2000), suggesting that these cell wall enzymes may be some 
of the unspecific targets of UV-C irradiation when applied at low levels. 

y- Irradiated (500 Gy) papaya fruit was found to be firmer than control fruit, 
and showed a slower rate of softening (DTnnocenzo and Lajolo, 2001). Irradiation 
altered the activity patterns of PG, PME and (3-Gal which kept pace with firmness 
changes. Nevertheless, firmness retention after irradiation could also be due to the 
direct action of radiation on pectin (Zhao et al., 1996) or its incidence on the 
overall fruit ripening program. 

4.7. Lipid signalling and chilling conditions 

Some changes related to degradation of cell walls were suggested to be due to 
biologically active lipids that could act as second messengers in signal transduc- 
tion. Lysophosphatidylethanolamine is a naturally occurring lipid that inhibits 
phospholipase D in a dose-dependent mode (Ryu et al., 1997). Treatment of red- 
ripe tomato fruit with this lysophospholipid retarded softening and senescence in 
tomato fruit, probably by its impact on ethylene production (Earag and Palta, 1993; 
Ryu et al., 1997), and PG activity (Earag and Palta, 1992). 

Chilling injury is one of the most intensely researched postharvest disorders. It 
is generally assumed that the disorder develops as a consequence of temperature 
impacts on the structure and function of cellular membrane systems (Parkin et al., 
1989; Wang, 1989). Nevertheless, as in normally ripening fruits, altered patterns 
of cell wall metabolism play a role in the development of the textural symptoms 
of chilling injury. Cell wall changes and altered activities of extracted wall-modi- 
fying enzymes have been reported for fruits injured by exposure to chilling 
temperatures. Markedly high levels of (3-Glc activity were extracted from chilled 
tomato fruit upon transfer to 22 °C, but no changes in total (3-Gal activity were found 
(Jackman et al., 1992). A significant reduction in PME activity was measured during 
the first week after transfer of chilled tomatoes to non-chilling temperatures (Jackman 
et al., 1992). Chilling conditions did not have a significant influence on the total 
extracted activity of PG, but changed the pattern of PME activity change relative 
to controls over the time course of the experiment (Marangoni et al., 1995). 

Changes in pectolytic enzyme activity in general, and reduced development of 
PG in particular, are thought to be responsible for woolliness, mealiness or leather- 
iness in chilled peaches and nectarines (Ben-Arie and Lavee, 1971; Pressey and 
Avants, 1978; Ben-Arie and Sonego, 1980; von Mollendorf and de Villiers, 1988; 
Artes et al., 1996; Zhou et al., 1999, 2000; Ju et al., 2000) and for gel breakdown 
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in chilled plums (Taylor et al., 1994). Increased EGase activity also seemed to 
play a part in softening of woolly nectarines (Zhou et al., 2000). Intermittent warming 
reduced woolly texture develoment and led to increased levels of the mRNAs for 
PG and EGase (Zhou et al., 2001). The development of woolly texture has been 
reported to result from altered pectic polymer breakdown, including both modifi- 
cation of polymer backbones and their neutral sugar-containg side chains (Dawson 
et al., 1992). Lurie et al. (1994) detected a greater loss of arabinose from pectic frac- 
tions of mealy nectarines than was measured in pectins extracted from normally 
ripening fruit. In apples, mealiness is the result of the storage of overmature fruits 
and may also be associated with the loss of arabinosyl residues (Nara et al., 2001). 
In this context, the post-chilling analysis of the gene expression and activity of a 
ripening-related a-Af may deserve further research. 



5. CONCLUDING REMARKS 

Though similar cell wall enzymes and polymer structures are found in different fruits, 
fruit texture and the way fruits soften may be very different. This reflects the 
broad scope of mechanisms involved in cell wall depolymerization and disas- 
sembly which affect textural properties as well as differing fruit developmental 
patterns and distributions of tissues and cell types. The potential contribution of 
the different cell wall hydrolases to textural and metabolic changes that occur during 
softening merits further research, not only in whole fruits but also in minimally 
processed fresh cut fruits where a desirable texture and the prevention of pathogen 
attack are essential for consumer acceptance. 

The characteristics of many cell wall enzymes (i.e., glycosidases) are largely unex- 
plored and their potential contribution to ripening-related cell wall change and 
fruit softening is unclear. However, none of them seems to act alone to determine 
the overall pattern of fruit softening. Fruits with more than one suppressed cell 
wall enzyme are being produced and evaluated to better assess their interactive roles 
and to attain softening control. Improved understanding of proteins that may play 
important roles and of the need for specific localization of enzymes in fruit tissues 
will be of considerable value. An array of new approaches for functional genomic 
analysis of fruit softening and for targeting the expression of transgenes will lead 
to the specific improvement of fruit texture. 

Various technologies leading to a repressed synthesis of ethylene indirectly 
suppress the expression of genes encoding softening-related cell wall enzymes. 
Nevertheless, attaining the fruit required by the market will probably demand man- 
agement of those enzymatic and non-enzymatic mechanisms governing texture 
without blocking the developmental time-dependent appearance of other desired fruit 
attributes such as taste, flavour and colour. Finding the enzymes and interactions 
that have a real impact on the texture of each fruit species and its postharvest life- 
span, suppressing their activity, and transferring laboratory results to large scale 
testing and then into consumer products are the challenges for the forthcoming 
decade. 
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1. INTRODUCTION 

Fruits are generally harvested at the mature stage when growth has ceased, and 
full development may be achieved independent of the parent plant with negligible 
impairment to quality. In fleshy fruits softening occurs after the mature stage, 
under favorable conditions, either the frnit is attached to or detached from the parent 
plant, and is cansed by break down of the cell wall structure in the pulp. Unripe 
fruits generally have rigid, well-defined structures, whereas ripe fruits have soft 
and diffused cell walls. This change is brought about by the coordinated action of 
hydrolytic enzymes on the cell wall and occurs together with biochemical and 
physiological activities within the cell which convert the fruit from an inedible to 
edible state (John and Dey, 1986). 



2. CELL WALL 



2.1. Pectin 

2.1.1. Synthesis 

The plant cell consists of cytoplasm surrounded by cell wall, as shown in Fignre 
1. Each cell is connected to adjacent cells by a pectin rich middle lamella. The 
cytoplasm of the cells is interconnected by plasmodesmata, which in the frnit are 
thonght to give a degree of cohesion. It is usual to differentiate between the primary 
wall and the secondary wall. The primary wall is assembled by the young cell 
when it is still capable of dividing and/or expanding. So, whereas it must have 
sufficientstrength to support the cell, it must also be capable of allowing cell 
expansion. Expansion is accompanied by synthesis of wall components and by 
their rearrangement. The secondary wall is assembled inside the primary wall but 
outside the plasma membrane. It is normally much thicker than the primary wall and 
its polysaccharides are somewhat different. Most walls are composed of two phases 
- a microfibrillar phase that is made up of microfibrils of cellulose and a matrix 
phase that snrrounds it (Figure 2). The proportions of microfibrillar and matrix phase 
vary in different walls, bnt typically cellulose represents ca. 20-30% of the dry 
weight of the primary wall and between 45% and 90% of the secondary wall. 
Some of them have extremely complex structnres (John and Dey, 1986). 

The Golgi apparatus is the site of synthesis of a number of hexose- and pentose- 
based polymers and the polysaccharide synthesis has been localized to membranes 
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Chkxopiasts 



Figure 1. A generalized plant cell. The relationship between the outer membrane of the nuclear envelope, 
the rough endoplasmic reticulum (RER), the Golgi apparatus, the vacuole and the plasma membrane 
can clearly be seen. These constitute the organelles and membranes of the secretory pathways. (Watson 
and Murphy (1999) in Cell biology, structure, biochemistry and function. Lea and Leeggood (eds.). John 
Wiley and Sons, Ltd., Chichester, England), p. 254. 



of the Golgi apparatus. Polysaccharides, in varying stages of completion, move from 
elements of the endoplasmic reticulum and through the different elements of the 
Golgi apparatus. From here vesicles carry the polysaccharides to the plasma 
membrane where they are released into the wall when the vesicles fuse with the 
plasma membrane. Since sugar-nucleotide synthesis takes place in the cytosol 
while synthesis of the polysaccharide appears to take place in the lumen of the Golgi 
apparatus, there must be systems for transport of the sugar-nucleotides into the Golgi 
apparatus. Enzymes catalyzing synthesis of the matrix polysaccharides are tightly 
associated with membranes. Polysaccharide formation is catalyzed by glycosil 
transferase - enzymes that transfer a saccharide residue from a donor to an acceptor. 
Sugar-nucleotides are the usual donors and the growing polysaccharide chain the 
acceptor (Figure 3) (Smith, 1999). For the calcium-induced coagulation and gelation 
of pectin, a so-called egg-box structure has been proposed (Rees et ah, 1982), in 
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Figure 2. Suggested links between some fractions of primary cell walls. ( ) covalent linkage; 

( ) hydrogen bond (John and Dey (1986), Adv. Food Res. 30: 139-193). 

which calcium ions interact and coordinate with the oxygen functions of two adjacent 
chains, giving rise to a cross-linking of the chains. The calcium cross-linkages 
become more stable by the presence of cooperative neighboring cross-linkages, with 
maximal cross-link stability being reached when 7-14 consecutive links are present. 
In plant tissue, about 90% of the calcium is present in a bound or insoluble form. 
Fifty to seventy percent is bound in a form easily displaced by molar NaCl con- 
centrations. Such displacements result in a moderate loss in firmness, but the most 
dramatic decreases in cohesion take place when tightly bound calcium is removed 
by chelating agents. Pectins have frequently been classified by the procedures used 
to extract them from cell walls. In general, three types have been distinguished: 
water-soluble pectin which is extractable with water or dilute salt solutions; chelator- 
soluble pectins extractable with solutions of calcium chelating agents such as 
ethylene diamine tetra acetic acid (EDTA), cyclohexane diamino tetra acetic acid 
(CDTA), or hexametaphosphate; and protopectins that are solubilized with alkali 
solutions or hot dilute acids. The water-soluble and chelator soluble pectins are 
typically composed mainly of galacturonic acid residues with about 2% rhamnose 
and 10-20% neutral sugars. The distribution, as well as the number of free carboxyl 
groups, may be important in affecting whether a pectin is water soluble or chelator 
soluble. The protopectins, particularly if they are extracted with alkali, have high 
neutral sugar content (Selvendran, 1985), mainly galactose and arabinose. An impor- 
tant factor characterizing pectin chains is the degree of esterification of the uronide 
carboxyl groups with methanol. Pectins might be formed initially in a highly ester- 
ified form. In general, tissue pectins range from 60 to 90% degree of esterification 
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Figure 3. Sugar phosphate and sugar nucleotide interconversion, including the sugar nucleotide and 
myo-inositol pathways. 1, phosphohexoisomerase; 2, hexokinase; 3, phosphoglucomutase; 4, UDP- 
glucose pyrophosphorylase; 5, fructose 1,6-bisphosphatase; 6, 1 L-myo-inositol 1-phosphoglucomutase; 
7, myo-inositol 1-phosphatase; 8, myo-inositol oxygenase, 9, glucuronokinase, 10, UDP-glucuronate 
pyrophosphorylase; 11, UDP-xylose dehydrogenase; 12, UDP-glucuronate decarboxylase; 13, UDP- 
xylose 4-epimerase; 14, arabinokinase; 15, UDP-arabinose pyrophosphorylase; 16, UDP-glucose 
4-epimerase; 17, UDP-galactose pyrophosphorylase; 18, galactokinase; 19, UDP-galacturonate pyrophos- 
phorylase; 20, galacturokinase, 21, UDP-glucuronate-4-epimerase. (Smith 1999. in Plant biochemistry 
and molecular biology. Lea and Leegood (eds.). John Wiley (Sons, Chichester, England), p. 113. 



(Van Buren, 1991). Cell-to-cell adhesion requires components embedded in the 
primary walls that can be effectively entangled and cross-linked with the middle 
lamella pectin. These components may be pectins or hemicelluloses. How firmly 
these components are attached in the primary wall may also be determined by 
both entanglement and chemical cross-links. In the case of pectin, extremely low 
slippage factors are likely, because pectins associated with the primary wall have 
high proportions of neutral sugar (Selvendran, 1985) and consequently, extensive 
side-chains, some of which have their own sub-side-chains. 

The ability of calcium to form insoluble complexes with pectin is associated 
with the free carboxyl groups on the pectin chains. There are two types of poly- 
saccharides in this group. Polygalacturonic acid is a linear homopolymer of 
a-(l— >4)-linked D-galacturonic acid residues. Many of the carboxylic acid groups 
are esterified with methyl groups. However, zones of unesterified residues occur and 
adjacent polygalacturonic acid chains may crosslink through Ca^''^ bridges, to form 
a network connected through these junction zones. Rhamnogalacturonan is a 
branched heteropolymer in which D-galacturonic acid residues alternate with L- 
rhamnose residues. The linkage between D-galacturonic acid and L-rhamnose is 
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a-(l— >2), and between L-rhamnose and D-galacturonic acid a-(l— >4). All rhamno- 
galacturonans have side chains attached to the 04 of the rhamnosyl residues. There 
are considerable variations in the structure of the side chains. Many of them are 
rich in arabinose and galactose and they are relatively short, while in some regions 
of the polymer, neutral polysaccharides of quite large molecular mass are attached. 
These are: 

Arabinans: chains of a-(l— >5)-linked L-arabinosyl residues, that contain some 
single (terminal) L-arabinosyl side chains linked to the O 3 and Oj position of 
the arabinosyl residues of the main chain. 

Galactans: linear chains of (3-(l— >4)-linked D-galactosyl residues. 

Arabinogalactans: heteropolymers of D-galactose and L-arabinose. 

The size of the neutral sugar side-chains appear to differ between the sparsely 
rhamnosylated regions and the densely rhamnosylated regions. Lfsing the assump- 
tion that all the rhamnose units have neutral sugar chains, and these chains join 
only to rhamnose, one can conclude that sparse regions have neutral sugar-chain 
lengths of 4 to 10 residues, while the dense regions have chain lengths of 8 to 20 
residues. It was found that 95% of the neutral sugars in a pectin were carried by 
a backbone containing only 5% of the galacturonosyl residues. These regions are 
named hairy regions. Characteristics of these hairy regions are the relatively low 
galacturonic acid content (7-23%) and a high rhamnose content (5-15%) resulting 
in high ratio of rhamnose to galacturonic acid (1:5). The most important accom- 
panying neutral sugars are usually arabinose and galactose; their relative amounts 
depend on the plant material under investigation. Their low neutral sugar content 
is related to the loss of galactose residues from the cell wall polysaccharides. An 
important factor characterizing pectin chains is the degree of esterification (DE) 
of the uronide carboxyl groups with methanol. Pectins might be formed initially 
in a highly esterified form, undergoing some deesterification after they have been 
inserted into the cell wall or middle lamella. There can be a wide range of DEs 
(60-90%, in general) dependent on species, tissue and maturity (Selvendran, 1985; 
De Vries et al., 1986). 

2.1.2. Cell wall break down 

It is widely accepted that fruit softening, which accompanies ripening, is essen- 
tially caused by the conversion of insoluble wall-bound protopectin of high molecular 
weight to water-soluble pectin. The hydrolysis of the pectin-rich middle lamella is 
catalyzed by different enzymes. Cell wall compositional change during ripening is 
due to the loss of galactosyl residues that occurs in many fruits. This loss involves 
hydrolysis of galactosyl containing polymers by (3-galactosidase. Enzymes capable 
of degrading pectin which have been identified in fruits are exo- and endo-poly- 
galacturonase (PG), pectinmethylesterase (PME), etc. (PME: Pectinmethylesterase 
catalyzes the deesterification of galacturonosyl residues, in which the carboxyl group 
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is methyl esterified. PMEs are present at the immature stage of most fruits and 
generally reach maximal activity immediately preceding or early in the climac- 
teric rise. PG: Endopolygalacturonases cleave the a-l,4-glycosidic linkages randomly 
along the uronide chain. Exopolygalacturonases remove uronic acid residues from 
the non-reducing end of the pectin chain). 

2. 1.2.1. Ripening/senescence 

Characteristic dissolution of the middle lamella in ripe fruit was the frequent 
occurrence of vesicles appearing usually in the area close to intercellular spaces. 
Vesicles were usually observed in areas adjacent to the plasmodesmata wall couples. 
A similar ‘reticulate structure’ was described in apples by Euller (1976), and it 
was concluded that this was a symptom of cell wall break down appearing after 
the wall digestion by polygalacturonase (Ben-Arie and Kislev, 1979). Plasmodesmata 
are resistant to the action of pectinase and cellulase (Jones, 1976). Crookes and 
Grierson (1983) investigated the degree of structural organization retained by 
ripening tomato fruit. The pericarp of mature green tomato fruit was found to be 
composed of large isodiametric parenchymous cells. Cytoplasm contains many 
normal organelles including mitochondria, chloroplasts, endoplasmic reticulum 
and crystalloid-containing microbodies. The cell wall consists of fibrils in an electron 
translucent matrix. The middle lamella is visible as an electron dense region between 
walls of adjacent cells. Visible degradation of the middle lamella has been observed 
by Glenn and Poovaiah (1990) in the cortex of control Golden Delicious apples. 
In some cells, regions of the middle lamella were fenestrated, suggesting that 
extensive degradation occurred, while other regions showed only minor break down. 
A change in micro fibril orientation was visible in the cell wall region of the 
control apple: the middle lamella of calcium treated fruit stained dark, indicating the 
presence of intercellular material. Micro fibril orientation in the cell wall struc- 
ture of the calcium treated apple was parallel with the long axis of the cell wall. 
According to Roland and co-workers (1987) the geometry of the cell wall at the 
supramolecular level consists of a multidimensional system, with micro fibrils in 
a well organized shape. Eigure 4a-c show the tissue structure of fresh, stored and 
irradiated apples (cv. Empire). A parallel striation pattern was observed in the cell 
wall (Eigure 4d). The striation pattern became shorter and showed a branch-like 
structure (Eigure 4e), and the surface of the cell wall was peeling as an effect 
of storage (6 weeks) and radiation (1 kGy) treatment (Eigure 4f) (Kovacs et al., 
1997). 

This branch-like structure may reflect chemical changes in the cell wall mate- 
rials (Kovacs et al., 1997). Ethylene is known to bring about promotive effects on 
the softening of climacteric fruit; this partially occurs as a consequence of cell 
wall weakening caused by the activity of different enzymes: polygalacturonases; 
pectin methylesterases and various glycosidases. In climacteric fruits, the glycosi- 
dases normally increase in amount or activity at the time of increased ethylene 
production (Van Buren, 1991; Eischer and Bennett, 1991; Sozzi et al., 1998). 
Dissolution of the middle lamella begins after the onset of ethylene production. 
The cytoplasm remains relatively intact with normal mitochondria and endoplasmic 
reticulum. Polygalacturonase activity was first detectable 2 or 3 days after the 





Figure 4. Ultrastructure of surface of the cell wall of Empire apple (stored for 6 weeks, at 16 °C, 
85-87% RP) a, d: fresh; b, e: stored; c, f: 1 kOy. Bars = a, b, c: 1 |j.m; d,e,f: 10 p,m (Kovacs et al., 
1997, Acta Alimentaria 26: 171-190). 

onset of ethylene production, at about the same time as the plastid transformation 
and pigment changes. 

2. 1.2. 2. Calcium 

The success of storage depends on the ultrastructure of the outer tissues and mineral 
composition of the fruits (calcium being the most important component). Cellular 
profile analyses of apples exhibiting corking disorder related to calcium and potas- 
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Figure 5. Ultrastructure (TEM) of cortex in stored Hardenpont pear (stored for 3 months at 1 °C, 
95-97 RH). a: control; b: calcium treated. Bars = 1 pm (Kovacs et al., 1988, Food Microstructure 7: 
1-14). 



slum have been characterized and tissue analysis of the epidermis, hypodermis 
and fruit cortex revealed that physiological break down occurred during the early 
formative changes in the development. The calcium treatment preserved cell com- 
partments, cell membranes and middle lamellae in pear flesh (Hardenpont). The 
cell walls of the fresh control were intact, but in the stored control cell wall (Figure 
5a) reticulation and fibrils adjacent to a dilated middle lamella could be seen. In 
the cell wall and vacuole of the calcium treated stored sample (Figure 5b) (Kovacs 
et al., 1988) dark spots could be seen that may be calcium-containing deposits or 
substances appearing after the calcium treatment. Although there are no direct data 
regarding the chemical nature of the inclusions, on the basis of the phytochemical 
investigations by Williams (1960) on apple and pear fruits, Bain and Mercer (1963) 
inferred that the precipitates consisted of polyphenols. The question remained as 
to whether calcium acted on the structure of the inclusion directly or indirectly. In 
an attempt to answer this. X-ray microanalysis was carried out. No significant change 
in calcium content of the inclusions were found after CaCl 2 treatment as compared 
with the stored control (Figure 6a-b). In order to check the precipitation of the CaCl 2 
solution in the fruit, X-ray spectra of the vacuolar content in fruit flesh were 
recorded. After CaCl 2 treatment this granular precipitation was dense and con- 
tained abundant Ca, while that of the stored control was faint and no characteristic 
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Figure 6. Probed areas (marked) and their X-ray spectra in vacoules of the stored control (1) and 
CaCl 2 treated (2) fruit flesh. Characteristic peaks in the spectrum are Na (1.0 keV), background were 
collected at 3.64-3.74 or 4.22-4.34 keV, respectively. Bars = 1 pm (Keresztes et al., 1989, Food 
Microstructure 8: 75-79). 



peaks could be identified in its X-ray spectra. In Figure 6b the calcium peak to back- 
ground ratio is 127:24. Considering that other elements besides calcium accumulate 
in the vacuoles of calcium treated fruit flesh, it is doubtful whether the high calcium 
peak here represents entirely exogenous calcium. It is probable that the calcium treat- 
ment enhanced the sequestering of different ions, including calcium, into the vacuole. 
In any event, this also proves the penetration of the exogenous calcium (Keresztes 
et ah, 1989). 

The calcium enhanced retention of the middle lamella region of apples (Golden 
Delicious), which were harvested at the beginning of the climacteric period (Siddiqui 
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and Bangerth, 1996). According to the results, an indirect role of calcium in main- 
taining intact middle lamellae can be suggested. Its extensive cross-linking with 
pectin polymers may restrict access of hydrolytic enzymes to wall components, 
particularly hemicelluloses. This may prevent the liberation of pectin covalently 
attached to hemicelluloses and retain the attachment of the middle lamella to the 
primary wall, thereby maintaining cell cohesion and fruit firmness. 

Roy et al. (1995) studied native calcium distribution and the exogenously applied 
calcium effect on cell wall degradation in apple pericarp. [The pericarp consists 
of three zones: (I) the epidermis which is covered by a thick cuticle; (II) three to 
four layers of small parenchyma cells that are tightly joined, and (III) large 
parenchyma cells with thin walls]. The contiguous cell walls of the parenchyma 
vacuolated cells frequently separate along portions of their middle lamella and 
thereby form the numerous intercellular spaces that characterize this tissue. Ion 
microscope images of the pericarp of fruits shows that native calcium ("*“Ca) was 
evenly distributed throughout the pericarp. Conversely, the exogenously applied 
calcium ("*'^Ca) was mainly concentrated in zones I and II of the pericarp and only 
weakly found within the parenchyma (zone III). The localization of '^“Ca and "'^'Ca 
within the cell walls was similar. The polyelectrolyte behavior of pectins has been 
well studied and the general idea that junction zones between pectin chains resemble 
fibrous solids is now well established (Jarvis, 1992). Deesterification of the carboxyl 
groups of pectin galacturonic acid residues permits the formation of a calcium-linked 
network that envelopes the protoplast. This ‘egg-box’ model for the junction zones 
of calcium pectate gels is compatible with the idea that this compound is rigid 
and insoluble. Jauneau et al. (1992) supported the idea that the degree of calcium 
mobility in the cell appeared to relate to the degree of esterification of the pectin. 
Roy et al. (1995) suggested the existence of microdomains in the cell wall around 
the same intercellular space. At some middle lamella intersects, calcium ions may 
stabilize junctions between adjacent cells, thereby limiting or preventing cell sep- 
aration. However in other middle lamella intersects, the low concentration of calcium 
would facilitate the formation and expansion of the intercellular spaces. These results 
suggest a possible role of target areas in the intercellular space involved in the control 
of cell separation. 

2. 1.2.3. Irradiation 

The way that cell wall break down can be modified by different factors such as 
type of fruit, cultivar, ripeness and treatments. One of the possibilities to extend 
the shelf-life of fresh fruits is to use irradiation in postharvest handling. The limiting 
factor in the use of irradiation to extend shelf-life of the fruits was found to be 
the textural changes (softening) due to break down of cell wall constituents (pectin, 
cellulose and hemicelluloses). This loss of firmness is shown to be associated with 
the activity of cell wall degrading enzymes, particularly polygalacturonase, although 
a role has been suggested for cellulose, too (Figure 7). The softening was attrib- 
uted to the break down of pectin (Kertesz et al., 1964; Massey et al., 1965; Somogyi 
and Romani, 1964). The degradation of pectin and cellulosic materials resulted in 
architectural weakening in tissue and damage to the semi-permeability of the cell 
membranes leading to loss of turgor. Figure 7. shows the SEM micrographs of fresh. 
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Figure 7. Ultrastructure of apple cortex - Golden Delicious (1) and Empire (2) - (SEM). a: fresh control; 
b: stored for 6 weeks, control; c: stored for 6 weeks, IkGy. Bars = 1 pm (Kovacs et al., 1997, Acta 
Alimentaria 26: 171-190). 



Stored and/or irradiated (1 kGy) Golden Delicious and Empire apples (Kovacs et 
al., 1997). The shapes of unirradiated cells in the fresh and stored Golden Delicious 
apples did not differ from each other. In comparison, the cortex cells in the apple 
irradiated with 1 kGy shrunk and collapsed. Empire apples differed from Golden 
Delicious apples. SEM of cortex illustrated a degenerated middle lamella completely 
broken down in the stored control Empire apple; the cohesion between cells ceased 
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to exist and the apples were mealy. The same contrast was observed between Granny 
Smith and Rubinette apples (Lapsley et ah, 1992). Increasing radiation doses 
(0.5-5 kGy) accelerated the break down of the cell wall resulting in the dissolu- 
tion of the middle lamella (Figure 8) (Kovacs and Keresztes, 2002). The regression 
model for softening showed great differences between apple cultivars, indicating the 
divergences of the rates of softening (Kovacs, 1995). Irradiation also induced soft- 
ening in cherry, but the rate of softening was less than that observed in apple or 
pear (Figure 9). The shape and integrity of components of cherry cells showed 
great heterogeneity, which influenced the strength of tissues. The shape of cherry 
tissues, and the grouping of cells, increased the stability of cherry tissue structure 
against mechanical injury. The thick walls of cells probably consisted of non-degrad- 
able polysaccharides (cellulose, hemicelluloses), which do not degrade on irradiation. 
Irradiation (2.5 kGy) resulted in less degradation of the middle lamellae of cell walls 
in cherries (Kovacs et ah, 1995), than was observed in apple or in pears (Kovacs 
et ah, 1988; Keresztes and Kovacs, 1991). In the case of cherry, the lower pectin 
content, and the tissue structure might be partly responsible for better preserva- 
tion of the ultrastructure than that of the other fruits. Another aspect of 
post-irradiation cell wall disturbances is thickening. These thickenings may reflect 
an imbalance between cell wall synthesis and cell growth. It is possible that dis- 
turbed cell division and subsequent increase in ploidy level are involved in such size 
increases. Similar local cell wall thickenings were encountered also in the stipe of 




Figure 8. Ultrastructure of irradiated then stored for 8 weeks (16 °C, 80-90% RH) apple (Golden 
Delicious), a: 0 kGy; b: 0.5 kGy; c: 1 kGy; d: 2 kGy; e,f: 5 kGy. Bars = 1 pm (Kovacs and Keresztes, 
2002, Micron 33: 199-210). 
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Figure 9. The effect of irradiation and storage on cell wall of the cherry tissues (TEM). a: fresh, 
0 kOy; b: stored for 7 d, 0 kGy; c: stored for 7 d, 2.5 kOy; d: stored for 7 d, 5 kOy. Bars = a: 6 |J.m; 
b, c, d: 16 |a.m (Kovacs et al., 1995, Acta Alimentaria 24: 331-343). 



gamma irradiated mushrooms (Keresztes and Kovacs, 1987). The physiological 
and chemical changes in cell walls are based on the actions of enzymes, resulting 
in smaller fragments of polysaccharides and neutral carbohydrates released from the 
cell wall fraction. According to Kovacs et al. (1997) the solubilized carbohydrates 
increased significantly (> P 0.05) with 2.5 kGy irradiation dose, indicating that 
the irradiation stimulates the autolysis of polysaccharides in apple (Empire, Golden 
Delicious). The solubilized carbohydrates mostly consisted of glucose, which derived 
from cellulose or hemicelluloses. The neutral sugar content of the cell wall in Golden 
Delicious apples consisted of arabinose, galactose, glucose, xylose (Glenn and 
Poovaiah, 1990). The results of Kovacs et al. (1997) are in agreement with Elias 
and Cohen (1983) that irradiation increased the rate of autolysis of carbohydrates. 
Howard and Buescher (1989) observed that irradiation with 1 kGy dose caused 
only minor changes in the neutral sugar composition of cell walls from mesocarp 
tissues of refrigerated cucumber pickles. 

Irradiation stimulated ethylene production, and it was accompanied by a rapid 
and strong increase in the ACC (1 -amino cyclopropane- 1-carboxylicacid) level. 
Irradiated cauliflower heads (Brassica oleracea L.) were stored in 13% COj atmos- 
phere for 8 days at 13 °C. Tissue electrolyte leakage increased immediately after 
irradiation and increased further during storage especially under high CO 2 atmos- 
phere. High CO 2 stress accelerated membrane deterioration of cauliflower to a lesser 
extent than gamma irradiation, and apparently through a different mechanism. 
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High CO 2 levels protected the membranes from the extensive loss of protein caused 
by irradiation (Voisine et al., 1993). 

2. 1.2.4. Calcium and irradiation 

The shelf-life of apples and pears was increased by irradiation (1 kGy) combined 
with calcium treatment (Kovacs et al., 1988). In Figure 10. the SEM morphology 
of parenchymous cells of pear (Hardenpont) is demonstrated, and the changes are 
similar in apple, too. Cells in the fresh control are opened up by the preparation 
presumably as a consequence of their firmly attached cell walls and turgescence 
(micrograph is not shown). This applies more or less also to the stored control. 

Cells of the irradiated and combined treatment samples generally collapsed, 
indicating that the middle lamella is dissolved and the cells could separate from each 
other. The irradiation and combined treatment led to similar changes in fruits 
tissues independently of the fruit varieties. TEM micrographs show control and 
combined treated samples. Eigure lOd shows the somewhat more compact ultra- 
structure of the cell wall in the combined treatment samples, and dense material 
was seen in the vacuole. Dilation of the middle lamella could be also observed 
(Kovacs et al., 1988). Irradiation induced the increase of the sugar content in apple 
as a function of ripeness, but the irradiation induced increase of sugar content 
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decreased during storage. The irradiation induced increase of sugar content was sup- 
pressed by the combined treatment (Ca + irradiation) (Figures 11-12) (Kovacs 
and Djedjro, 1994). Irradiation and the combined treatment preserved or reformed 
starch; these samples contained more starch 4 days after the treatment than the 
control and this effect lasted for at least 3 months. Moreover, these treatments 
retarded cell wall loosening, which was apparent by the end of storage. None of 
the treatments preserved the electron dense vacuolar inclusions, either in the 
epidermis or in the hypodermis. Irradiation induced the mobilization of calcium 
in the tissues. In the early period of storage calcium mobilization starts from the 
fruit flesh towards the fruit skin (Kovacs et ah, 1988). The inhibition of senes- 
cence by calcium may involve some protection of membranes from free radical or 
peroxidative attack when susceptible membranes have a large amount of calcium 
bound. Calcium and antioxidants tend to protect membranes against irradiation 
and ageing. Calcium was regarded to prevent decomposition of structure of cell com- 
pounds (Kovacs, 1997; Kovacs and Keresztes, 1989; Keresztes et al., 1989; Keresztes 
and Kovacs, 1991). 

2. 1.2. 5. Storage 

Maturity of apples and pears at harvest significantly affects their susceptibility to 
low-temperature disorders and superficial scald. The incidence of low-temperature 
break down during storage increases progressively as apples are harvested at suc- 
cessively later dates and are nearing full ripeness. However, apples which are 
harvested very late, and fully ripe with well-developed flavor and aroma, are more 




Figure 11. The effect of maturity rate at the time of harvest (A, B, C) on the sucrose content of 
irradiated (1 kOy) and untreated apple Mutsu (Kovacs and Djedjro, 1994, Acta Horticulturae 368: 
235-242). 
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Figure 12. The effect of calcium on the sucrose content of Gloster apple (maturity rate C) as a 
function of treatment (untreated, 1 kGy, Ca and Ca + 1 kGy) and that of the storage time (1 and 11 
weeks at 5-8 °C, 80-90% RP). Time elapsing from the full-bloom was 135 days. LSD95% (treat- 
ment): 0.26; LSD 95% (storage time): 0.18 (Kovacs and Djedjro, 1994, Acta Horticulturae 368: 
235-242). 



prone to senescent break down than low-temperature break down. It is then diffi- 
cult to distinguish accurately the symptoms of the two forms of break down which 
occur in middle and late maturity range. In apple (cv Idared) the cell wall break 
down had already started at late harvest, but the middle lamella decomposition 
was not continuous along the cell wall. The tissue structure was well organized 
but at the same time decomposed middle lamellae can be seen (Figure 13). 

Cultivar dependence was observed in ultrastructure of tissues and cells in apple 
(Jonica, Jonagored, Kovelit, Idared, Mutsu, and Lysgolden), but the structural dif- 
ferences were not directly related to storability. Cells in the hypodermis were small 
and radially flattened, but a progressive increase in cell size was observed toward 
the interior. The apple cortex consisted of small cell size (Kovelit), middle cell 
size (Jonica, Jonagored, Mutsu) and large and heterogeneous cells (Idared, 
Lysgolden) (Kovacs et ah, 1999). The ion leakage (Lovasz et ah, 1998) increased 
as a function of harvest (Figure 14) (Kovacs and Meresz, 2001). 

The activity of (3-galactosidase and polygalacturonase increased as a function 
of harvest depending on the cultivar type (Figures 15-16). The results of the iden- 
tification of protein bands of apple cultivars can be seen in Figure 17. The protein 
bands differed as a function of cultivars. The fresh and stored apple also (Idared) 
differed from each other (Kovacs et ah, 2001). The content of neutral sugars released 
from the cell wall decreased as a function of storage time (Figure 18). Of the 
cultivars investigated, Idared was outstanding because of its long storability. In 
different fruits the cell wall break down regulated by different levels of enzymes, 
was involved in these processes. For example, in apricot, the activity of (3-galac- 




k400 



Figure 13. Ultrastructure of apple tissue and cell wall of stored (5 months) Idared apples (a: skin; b: 
cortex; c: cell wall of cortex). Bars = a: 100 p.m; b: 500 p.m; c: 1 |Xm. (Kovacs et al., 1999, Acta 
Horticulturae 485: 219-224). 



tosidase was higher than in apple. The properties of iso-enzymes of (3-galactosi- 
dase of apricot also differed from those of apple (Kovacs and Nemeth-Szerdahelyi, 
1999; Kovacs and Sass, 2000). The activity of polygalacturonase was drastically 
lower in goldenherry in all stages examined compared to previous data in normal 
tomato pericarp (Trinchero et ah, 1999). Nevertheless, there is strong evidence 
that fruit softening is not regulated exclusively by polygalacturonase. 

Pectinmethylesterase, a second pectolytic enzyme, was found to be present in 
goldenherry and its activity gradually increased as ripening proceeded. Changes 
in pectinmethylesterase activity also occur during tomato ripening. The relatively 
low polygalacturonase activity in goldenherry supports the concept of glycosidase 
involvement in cell-wall hydrolysis. From the six assayed glycosidases, a- and 
(3-galactosidases showed the highest activity though only a-galactosidase increased 
consistently with ripeness. A possible relationship between one (3-galactosidase 
isoenzyme ((3-galactosidase II) and a physiological function has been hypothesized 
for tomato, as it has been found to be capable of catalyzing the in vitro degrada- 
tion of a (1— >4)-(3-D-galactan isolated from tomato cell walls. Ethylene brings about 
a promotive effect of (3-galactosidase II which reaches peak values at the ripe 
stage (Sozzi et al., 1998). The loss of galactosyl residues possibly resulting from 
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Figure 14. Rate of ion leakage of Idared apple as a function of harvest time and storage for 5 months 
(4-6 °C, 85-90% RH) (A or F: at harvest/fresh; B or S: after storage/stored, I, II, III: harvest) (Kovacs 
and Meresz, 2001. Proceedings of the Australasian Postharvest Conference, in press). 
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Figure 15. 
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Figure 16. Activity of polygalacturonase of different apples as the beginning and of storage (4-6 °C, 
85-90% RH). (Kovacs and Meresz, 2001, Proceedings of the Australasian Postharvest Conference, in 
press). 



hydrolysis of (3-1,4-galactan by (3-galactosidase 11 may act as an inducer of ethylene 
in vivo via increased ACC synthase activity, thus partly contributing to the 
autocatalytic ethylene production (Kim et ah, 1987). When cellulase and PG were 
applied jointly to pear there was dissolution of both the middle lamella itself, and 
the wall material next to it. In addition, cell walls lost their intense staining and 
fibrillar material appeared to be dissolving (Ben-Arie et ah, 1979). 

Shelf life increases under modified atmosphere conditions. Reduced Oj and/or 
elevated CO 2 causes reduced respiration and ethylene production rates, retards 
softening, reduces all kinds of oxidative reactions and slows down all compositional 
changes associated with ripening. Subjecting a cultivar of a given commodity to 
O 2 levels below and/or CO 2 levels above its tolerance limits at a specific temper- 
ature-time combination will result in stress to living plant tissue. Understanding 
the mode of action of low O 2 and elevated COj concentration on fruit and fruit 
cell metabolism can greatly help in selecting the optimal atmosphere conditions 
for various commodities. As a result, fruits and vegetables produce off-odour and 
off-flavour or physiological disorders, particularly when these anaerobic products 
accumulate in large quantities in the tissue. The effect of low O 2 (Ke et ah, 1995) 
and elevated CO 2 concentration (Kader, 1995) on the metabolism of avocado are 
shown in (Figure 19-20). Low O 2 concentration retards fruit ripening and action 
of ethylene. Under anaerobic conditions, the conversion of ACC to ethylene is 
inhibited, which results in accumulation of ACC in the tissue. When fruits are 
transferred back to air, ethylene production shows a rapid increase, even above 
the maximum rate for control fruit. COj effects depend on the cultivar, age, initial 
quality, etc. Delay of the ripening process by high CO 2 or low O 2 concentration might 
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Figure. 17. Separation of enzyme solution by SDS-PAGE (Fiorina) 1: molecular mass marker 
(Pharmacia); 2: a-galactosidase (Aspergillus niger E.C.3.2.1.22, Sigma); 3: (3-galactosidase 
(Saccharomyces fragilis, E.C.3.2.1.23, Sigma); 4: polygalacturonase (Aspergillus Niger E.C.3.2.1.15, 
Merck); 5: Idared, fresh; 6: Idared, stored; 7: Freedom; 8: Fiorina (apples were stored for 120 days at 
4-6 °C, 80-90% RFI). (Kovacs et al., 2001, Proceedings of the Australasian Postharvest Conference, 
in press). 



cause the initial inhibition of ACC formation, but the inhibitory effect of these 
controlled atmosphere treatments on the conversion of ACC formation to ethylene 
eventually resulted in the build-up of ACC in the tissue. 

Corny and Kader (1996) demonstrated that reduced O 2 and/or elevated CO 2 
atmospheres impede ethylene biosynthesis directly by reducing ACC oxidase 
catalytic ability to convert ACC to ethylene and indirectly by blocking regulation 
of genes encoding ACC synthase and ACC oxidase (Figure 21). TEM micrographs 
of Fiorina apple structure as a function of ripeness can be seen in Figure 22. The 
ion leakage and activity of polygalacturonase increased less in ultra low oxygen 
stored apple than in uncontrolled stored apples (Table 1; Figure 23) (Kovacs et 
ah, 2001). The decrease in total pectin and hemicellulose contents of apple (Golden 
Delicious) with storage was least in ultra low oxygen (3% CO 2 +1% O 2 ), inter- 
mediate in controlled atmosphere (3% CO 2 + 3% O 2 ) and greatest in cold storage 
(Siddiqui et ah, 1996). 
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Oct. Nov. Dec. Jan. Febr. March 
storage time (months) 

Figure 18. Changes in the neutral sugars as a function of cultivars and storage (4-6 °C, 85-90% 
RH). (Kovacs and Meresz, 2001, Proceedings of the Australasian Postharvest Conference, in press). 




Figure 19. Summary for the mode of CO 2 action on electron transport of avocado fruit mitochon- 
dria. Cyt: cytochrome; Ox: oxidase; TCA: tri carboxylic acid 1 > induction and/or activation 

> reduction and/or inhibition (Kader, 1995, Acta Horticulturae 398, 59-70). 
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Figure 20. Fermentative pathway in Hass avocado fruit proposed to be regulated by low O 2 stress. PDC: 
pyruvate decarboxylase; ADH: alcohol dehydrogenase; LDH: lactate dehydrogenase; PDH: pyruvate 

dehydrogenase; TCA:tricarboxylic acid; ETS: electron transport system; 1 > reduction and/or 

activation; > reduction and/or inhibition (Ke et al., 1995, J. Amer. Soc. Flort. Sci. 120: 481^90). 



2.2. Cellulose/xyloglucan 

In the primary wall the cellulose microfibrils are found around the cell transversely 
to the longitudinal axis and are cross linked by either xyloglucans or GAXs 
(glucuronarabino-xylans), depending on whether it is a type I or a type II wall. 
This network is embedded in a matrix of pectic polysaccharides with proteins and 
phenylpropanoid derivatives dispersed throughout. Two basic types of primary 
wall are recognized. The type I wall represents the majority of dicot and monocot 
walls in which xyloglucan molecules bind tightly to the exposed faces of glucan 
chains in the microfibrils through formation of hydrogen bonds. Some xyloglucan 
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Figure. 21. In vitro ACC synthase and ACC oxidase activity for Golden Delicious apples held in 
different atmospheres at 0 °C (Gorny and Kader, 1996, J. Amer. Soc. Ftort. Sci. 121: 751-755). 



chains are long enough (200 nm) to span the distance between adjacent microfib- 
rils (30 nm) and bind to them both. Others interlock with other xyloglucan chains 
that themselves are bound to cellulose. Whichever is the case, the effect is to space 
and lock the microfibrils into place. The cellulose-xyloglucan framework is sur- 
rounded by the pectin matrix. There is little evidence of covalent-hydrogen bond 
interactions between the pectin polysaccharides and the cellulose-xyloglucan 
network. However, interactions do occur between the pectin polysaccharides. In 
the main these take the form of the junction zones referred to earlier, in which the 
homogalacturonan regions of adjacent PGA chains are crosslinked by Ca^"^ bridges. 
The resulting gel-like structure forms a network through the wall with RG (rhamno- 
galacturonan) distributed throughout. The frequency of junction zones and the 
character of the side chains on the RG polymers will have an effect on the overall 
structure, and therefore strength, of the pectin gel. In turn this will influence the 
strength of the wall. Because there is little interaction between the pectin- and 
cellulose-xyloglucan network, the contribution to wall strength that the pectin 
network makes is viewed as being independent of that of the cellulose-xyloglucan 
network. It is possible that the pectin polysaccharides are also linked by bonds 
between phenolic compounds, which are known to be attached to the pectin 
polymers. Type II walls contain very little xyloglucan and the cellulose micro- 
fibrils are interlocked instead by GAXs, which can bind to cellulose and to each 
other through hydrogen bonds. Binding is not as strong as it is between cellulose 
and xyloglucan and the formation of hydrogen bonds is restricted by the arabi- 
nosyl- and glucuronosyl-side chains. Consequently the degree of branching of the 
GAXs affects the degree and strength of cross linking in the wall. The structural 
proteins of the wall also form a network throughout the wall, although the way in 
which they are cross linked within the wall is not known. Type II walls contain 
relatively high concentrations of ferulic- and p-coumaric acids, esterified to the 
05 of arabinosyl residues of GAXs. During cell expansion, there is a great deal 
of structural rearrangement within the primary wall. By a mechanism that has not 
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Figure 22. Structural changes in cell wall of apple cortex (Fiorina) as a function of harvest (TEM) 
(I: 1st harvest; III: 3rd harvest) Bars = a: 1 mm; b: 200 nm. (Stored for 5 months, 2-4 °C, 90% RFI). 
(Kovacs et al., 2001, Proceedings of the Australasian Postharvest Conference, in press). 



Table 1. The change in activity of (3-galactosidase and polygalacturonase of apple Fiorina under 
different storage conditions (A: 4-6 °C, 80-90% RH; B: 1,5% Oj, 2,5% COj, 4-6 °C, 80-90% RP). 







(1-galactosidase 


Polygalacturonase 






(|J,mol/h*g fresh weight) 


(|J,mol/h*g fresh weight) 


A) 


Cooling 


261.04 


360.05 


B) 


ULO 


279.69 


286.92 
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Figure 23. Ion leakage of apple (Fiorina, Freedom) cortex of fresh (F) and stored (S) under low 
oxygen storage conditions (ULO: 1.5% O 2 , 2.5% CO 2 at 4-6 °C, 85-90% RH). (Stored for 5 months, 
2-A °C, 90% RH). (Kovacs et al., 2001, Proceedings of the Australasian Postharvest Conference, in 
press). 



been well established, interactions between the cellulose micro fibrils and matrix 
polymers are deposited on the inner face of the wall and at the time cell expan- 
sion ceases interactions between the micro fibrils are re-established. Secondary 
wall is laid down inside the primary wall (Smith, 1999). 

Synthesis and localization of synthesis of cellulose appears to involve so-called 
‘terminal complexes’, hexagonal arrays of particles located in the plasma membrane 
that are associated with the ends of micro fibrils at which growth occurs. These 
‘rosette’ structures appear to be particularly fragile since they are only observed 
in freeze fracture replicas of plasma membranes of whole cells and not in isolated 
membranes. It seems likely that channel proteins are associated with the cellulose 
synthase complex, allowing the growing cellulose chains to be threaded through 
the plasma membrane and into the cell wall. Cellulose synthesis has been demon- 
strated in membrane preparations from various tissues, including those derived 
from developing cotton fibres, but is has never been possible to achieve rates of 
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(3-(l— >4)-glucan synthesis with isolated memhranes comparable to those achieved 
in vivo. Therefore it seems highly probable that orientation of the complexes in 
the membrane is critical to cellulose synthesis. In many case isolated plasma 
membrane preparations synthesize the (3-(l— >3)-glucan callose, a polymer formed 
in response to wounding, at a much higher rate than (3-(l— >4)-glucan. This and other 
evidence has led to the suggestion that the same enzyme is responsible for syn- 
thesis of both polymers and that cell disruption causes a change in the linkage 
formed. The switch for this change may be Ca^"^, raised concentrations of which 
favor callose synthesis. Cellulose is a linear polymer of (1— >4) (3-D-glucosyl residues. 
In primary walls the degree of polymerization is ca. 3000-5000 but in secondary 
walls it may be as high as 20,000. The glucan chains are assemble into a paracrys- 
talline array. In primary walls approximetly 35 chains are arranged in parallel to 
each other to form a micro fibril with an average width of about 10 nm with 
approximetly 30 nm spaces between micro fibrils. In some walls the micro fibril 
may contain as many as 200 chains and in secondary walls micro fibrils are often 
associated into bundles. X-ray diffraction patterns show that the individual chains 
are hydrogen-bounded to each other. Hemicellulose polysaccharides that crosslink 
the cellulose micro fibrils of the primary wall are present in the hemicelluloses 
fraction. In the majority of plants, xyloglucans are responsible for such cross linking. 
They have a basic structure of linear chains of (3-(l— >4)-linked D-glucosyl residues 
with xylosyl residues added at the 06 position of the glucosyl chain. 

The pattern of addition is regular in most flowering plants, giving a basic repeating 
heptasaccharide structure in which three out of four glucosyl residues are substituted 
with xylosyl units. Some of the xylosyl residues are themselves substituted with 
galactosyl and fucosyl residues, though in tobacco and the Solanaceae the galactosyl 
and fucosyl residues are replaced with arabinosyl residues. Xyloglucans can bind 
tightly to the glucans of cellulose micro fibrils. Xyloglucans have an important 
ultrastructural position as junction polysaccharides, forming hydrogen-bonded 
connections between and pectin fractions of cell wall (John and Dey, 1986). The 
physiological significance of xyloglucans is probably in cell elongation and the 
swelling of plants property of cell walls; thus further knowledge about its self- 
association and ability to cross-link with cell components is important Xyloglucans 
are responsible for such cross linking. They have a basic structure of linear chains 
of (3-(l— >4)-linked D-glucosyl residues with xylosyl residues added at the 06 
position of the glucosyl chain (Smith, 1999). 



3. STARCH 

3.1. Localization and ultrastructure 

Starch is commonly found in the outermost cells of the fruit as the product of 
photosynthesis of cells. Many fruits contain starch; in some fruits an initial increase 
in concentration is followed by a decrease while in others the concentration may 
increase up to maturity. Among the latter, climacteric fruits are prominent, banana, 
mango, however in the plum, another climacteric fruit, very little starch is present 
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Figure 24. Starch content of apple (Mutsu) skin and cortex as a function of ripeness (Kovacs, unpub- 
lished). 

initially and in the matnre stage. In case of apple the break down of starch granules 
can be followed from the time of harvest in the skin and in the cortex (Figure 24) 
(Kovacs, unpublished). This figure shows, that the starch break down is less inten- 
sive in skin than in the flesh. Starch was abundant in the hypodermis immediately 
after harvest, but broke down after a few days. Cells became senescent by the end 
of storage (Kovacs et al., 1988; Kovacs and Keresztes, 1989; Keresztes and Kovacs, 
1991). 

3.2. Characterization of structural and physico-chemical properties of apple 
starch 

In Figure 25 typical apple starch granules can be seen by light microscopy. In 
Figure 26 on SEM micrograph of isolated apple starch is shown. The hydrolysis 
of starch granules, seen as pits (cavities) on the surface could be found only in a 
few cases. Undamaged and damaged starch granules were present in all samples, 
independent of ripeness or storage. 

The size of the starch granules isolated from stored apples (Fishwick and Wright, 
1980) decreased and the number of single starch granules increased (Figures 27-28) 
(Kovacs and Eads, 1999). Some of the starch granules consisted of several parts, 
and they decomposed along the linkages, then pits and cavities appeared on the 
surface of the granules. The cavities illustrate the process of gelatinization in the 
starch granules. The deformations (cavities and collapsed center) might be the result 
of migration of amylase to the outside from the center of starch granules. The degree 
of polymerization of the granules or differences in the amylose/amylopectin ratio 
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Figure 25. Light micrograph (xlOO) showing starch granules in apple (Mutsu) cortex, a, c: bright 
field; b, d: polarized field (Kovacs, 1998 - in COST 94 - The post-harvest treatment of fruit and 
vegetables - current status and future prospects, Woltering et al. (eds.). Office for publications of the 
European Communities, Luxemburg, pp. 243-249. 




Figure 26. SEM micrograph of starch isolated from apple (Mutsu) cortex (Kovacs unpublished). 



may have also been factors which are responsible for amylase susceptibility. Thermal 
parameters are given in Table 2 and in Figure 29 (Kovacs, 1998). 

The onset temperature of gelatinization corresponds to the hydration and swelling 
of amorphous regions within the starch the starch granule. Comparing the DSC scans 
of starch granules as a function of ripeness of apple, it can be established that the 
onset temperature of gelatinization practically did not change significantly. The 
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Figure 27. Frequency distribution of the area of starch granules isolated from apple (Mutsu) skins. 
(Kovacs and Eads, 1999, SCANNING 21: 326-333). 



differences between T^, and Tp slightly increased with the increasing ripeness. The 
onset temperatnre (T^) of gelatinization corresponds to the hydration and swelling 
of amorphons regions within the starch granules. Higher Tp values indicated either 
a more highly ordered crystalline structure or fewer amorphous regions of potato 
starch granules (Barichello et al., 1990). 

The results of high-resolution solids carbon- 13 NMR analysis of isolated apple 
starch powder are shown in Figure 30 (Kovacs and Eads, 1999) (a: 50-110 ppm; 
b: 94-106 ppm; c: 120-220 ppm). Peak assignments are follows: 62 ppm: C-6 
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Figure 28. Comparison of the data of ripeness of apple skin and cortex by PC analysis (ZX) on the 
base of starch granule size (A: unripe; B: semi ripe; C: ripe; - S: skin, C: cortex; 0: fresh, 1: stored 
for 1 week at 4-6 °C, 85-90% RH. (Kovacs and Eads, 1999, SCANNING 21: 326-333). 



resonance of starch glucosyl residue; 68-88 ppm: C-2,3,4,5 resonance; 92-106 ppm: 
C-1 resonance. The presence of a shoulder on the C-1 resonance and the shoulder 
on the C-2,3,4,5 cluster indicate the presence of amorphous starch and serve as basis 
for estimation of degree of crystallinity (Hoover and Hadziyev, 1981). The high 
resolution features are similar in all apple starch (unripe, ripe, fresh and stored). The 
peaks centered at 204 and 214 ppm appeared to be constant. The degree of crys- 
tallinity in apple starch granules was estimated from the NMR spectra as the 



Table 2. DSC characteristics of starch from Mutsu apple cortex as a function of ripeness and storage 
time (2-4 °C, 90% RH) 



Ripeness 


Storage 

(week) 


Mass of 
the sample 
(mg) 


Nature of endothermic peak 




Enthalpy 

mj/mg 


Onset temp. 
(To, °C) 


Peak temp. 
(Tp, °C) 


(To-Tp) 

(“C) 


Unripe 


0 


150.8 


55.75 


59.55 


3.80 


-10.469 


Semiripe 




150.7 


56.25 


60.29 


4.04 


-11.341 


Ripe 




150.1 


55.77 


60.09 


4.32 


-11.132 


Unripe 


1 


150.7 


56.58 


60.33 


3.75 


-10.826 


Semiripe 




152.0 


55.79 


59.67 


3.88 


-10.672 


Ripe 




150.9 


57.65 


62.99 


5.34 


-10.826 
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Communities, Luxemburg, pp. 243-249. 

Figure 29. DSC curve for starch gelatinization. T„: onset temperature; Tp: peak temperature (Kovacs, 
1998. - in COST 94 - The post-harvest treatment of fruit and vegetables - current status and future 
prospects. Woltering et al. (eds), Office for publications of the European Communities, Luxemburg, 
pp. 243-249. 

percentage of the C-1 region represented by the larger peak (Table 3) (Kovacs and 
Eads, 1999). 

Figure 31 shows the different treatments (irradiation, calcium and calcium 
combined with irradiation) on the ultrastructure (TEM) of the cells of apple fruit 
flesh (Mutsu). TEM of the apple skin (Mutsu) showed considerable ultrastructural 
differences between the control and treated samples (Figure 31) (Kovacs et ah, 1988). 
All three treatments maintained the basic compartmentation of the cytoplasm, the 
plastids, and the vacuoles, which was lost in the control (mainly in the epidermis) 
by the end of storage. Calcium treatment either alone or in combination with irra- 
diation resulted in a somewhat better preservation than irradiation alone. Irradiation 
and the calcium combined with irradiation preserved or reformed starch. These 
samples contained more starch 4 days after the treatment than the control, and this 
effect lasted for at least 3 months. None of the treatments preserved the electron 
dense vacuolar inclusions, either in the epidermis or in the hypodermis. Irradiation 
influenced biochemical processes responsible for the starch decomposition or syn- 
thesis. Sucrose was accumulated in irradiated sweet potato roots accompanied by 
the decrease in starch content, which would suggest that gamma irradiation (2-3 
kGy) triggered the conversion of starch into sucrose (Kovacs et al., 1988). The 
skin of stored apples examined after different radiation doses showed several ultra- 
structural changes. Data concerning the epidermis and hypodermis will be evaluated 
separately. Plastids in the epidermis of the control sample were rounded with many 
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Chemical ShIft/ppm 








Figure 30. Nuclear magnetic resonance results of apple cortex starch granules (unripe, ripe), a: chemical 
shift 50-1 10 ppm; b: chemical shift 94-106 ppm; c: 120-220 ppm. CoAO: cortex, unripe, 0 week; CoCO: 
cortex, ripe, 0 week; CoAl: cortex, unripe, 1 week; CoCl: cortex, ripe, 1 week (Kovacs and Eads, 1999, 
SCANNING 21: 326-333). 



Table 3. Crystalline and amorphous fractions in starch isolated from Mutsu apple cortex. 





Sample 


Crystalline (%) 


Amorphous (%) 


CoCO 


Ripe, aged 0 week A 


86.0 


14.0 


CoCl 


Ripe, aged 1 week B 


88.3 


11.7 


CoAO 


Unripe, aged 0 week C 


89.9 


10.1 


CoAl 


Unripe, aged 1 week D 


87.9 


12.1 
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Figure 31. Ultrastructure (TEM) of Gloster apple skin (near to the epidermis) as a function of treat- 
ments and storage (1 °C, 95-97% RH, 3 months), a: fresh control; b: stored control, c: irradiated 
(1 kGy) then stored; d: calcium treated (4% CaCl 2 ) then stored; e: calcium treatment combined with 
irradiation), ml: middle lamella; d: deposits; p: plasmalemma; t: tonoplast; v: vacuoles. Bars = 1 pm 
(Kovacs et al., 1988, Food Microstructure 7: 1-14). 



electron translucent vesicles. They generally contained dense inclusions but not 
starch grains. Unevenly distributed starch grains occurred in the epidermis of samples 
irradiated with 1 kGy or higher doses. The normal organization of the cell was broken 
down by an irradiation dose of 5 kGy. 

Plastids in hypodermal cells of the control sample contained small and large grana. 
In the outer hypodermis (hj) plastoglobuli were electron translucent, and starch grains 
were rare and small. In the deeper hypodermal layer (hj.s, according to Bain and 
Mercer, 1963) plastoglobuli are more electron dense, and plastids are free of starch. 
In the 0.5 kGy sample the lumina of thylakoids in hypodermal plastids were often 
electron dense. Structures similar to prolamellar bodies could be seen in inner layers 
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of hypodermis (Figure 32) (Kovacs and Keresztes, 1989). Plastids of the hypodermis 
of 1 kGy apple cortex contained small and large starch grains in addition to occa- 
sional prolamellar hody-like structures. Apples irradiated with 2 kGy contained 
conspicuous starch grains, mainly in the outer hypodermal cells, but cells with 
damaged membranes also occurred. Large starch grains remained in the outer layer 




Figure 32. Ultrastructure of plastids in the hypodermis of apple (Golden Delicious) stored for 8 
weeks (a: control; b, c: 0.5 kGy; d: 1 kGy; e: 2 kGy; f: 5 kGy). t: thylakoid, s: starch, g: granum, 
pb: prolamellar body-like structures. Bars = 1 pm (Kovacs and Keresztes, 1989, Food Microstructure 
8: 67-74). 
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of the hypodermis (hi) of the 5 kGy irradiated apples. In the inner layer chloro- 
plasts with large amounts of starch were observed. According to the results of 
morphometry, the starch content of the hypodermal cells had already differed sig- 
nificantly (> P5%) at an irradiation dose of 1 kGy from the control (Table 4) (Kovacs 
and Keresztes, 1989). According to the chemical analysis significantly (99.9%) more 
starch remained in the skin at a dose 1-5 kGy. Fruit flesh was also examined for 
starch grains. Both in the control and irradiated (0.5-2 kGy) flesh, the small plastids 
were free of starch. Starch grains were present in cells of 5 kGy irradiated apple. 
This was also evident from the iodine test (Kovacs and Keresztes, 1989). In fruits 
with chloroplasts in the hypodermis at the time of harvest (e. g. Hardenpont pear) 
we found that gamma irradiation (1 kGy) altered the chloroplast structure charac- 
teristically. Plastids of the stored (2 months) control became senescent, as they 
contained several transparent plastoglobuli and few, weakly staining, inner mem- 
branes. In the irradiated group, during storage, plastids retained a considerable 
part of their inner membranes in form of parallel, somewhat swollen thylakoids filled 
with an electron dense substance. In some plastids these thylakoids seemed to 
converge into a tubular complex. Grana stacks were entirely lacking. 

Accordingly, plastids were affected by irradiaton in two ways: (1) inhibition of 
senescence, (2) de-differentiation into the protochloroplast stage. The mechanism, 
by which irradiation prevents senescence can be elucidated by the results of exper- 
iments with cycloheximide. Martin and Thimann (1972) found that this inhibitor 
of cytoplasmic protein synthesis delayed chloroplast senescence in detached oat 
leaves, due to the inhibition of synthesis of proteolytic enzymes that would normally 
enter the plastid and destroy its inner structure. The similarity of effects does not 
mean, however, that irradiation acts at the same (transcriptional) level as cyclo- 
heximide. The developmental regression of chloroplasts can be assumed primarily 
from the destruction of grana. This is in line with the inhibitory effects of gamma 
or X-rays on granum development in etiolated bean and barley seedlings (Sprey, 
1972). Similar agranal plastids develop from proplastids, when seedlings are kept 
under, an intermittent light regime (Armond et al., 1976) and accordingly, these 



Table 4. Starch content determined by morphometry and chemically in hypodermis of Golden Delicious 
apples stored for 8 weeks after irradiation. 



Dose 

(kGy) 


Starch content 




as % of plastid 
X s 


as % of glucose after hydrolysis 
X s 


0 


0.38 + 0.21 


2.83 + 0.92 


0.5 


1.52 + 0.69 


2.85 + 0.91 


1 


15.82 + 2.39*** 


6.32 + 0.90*** 


2 


28.53 + 3.16*** 


6.56 + 0.85*** 


5 


38.21 + 3.72** 


15.06 + 2.40*** 



r: = average, 
s = standard deviation. 

** significantly differed from the control, at level 95%. 
*** significantly differed from the control, at level 99%. 
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are called iml (intermittent light) plastids or protochloroplasts. The component 
lacking in these plastids is the light harvesting pigment-protein complex (LHC II), 
which forms an antenna around photosystem II and also acts in membrane stacking, 
i.e., in granum formation (Zuber, 1985; Thornber, 1986). As LHC II is encoded 
by the nucleus (Cashmore, 1984) and like the proteases, is synthetized in the 
cytoplasm, the target for irradiation is outside of the plastids. Similar protochloro- 
plasts were found in the hypodermis of irradiated Golden Delicious apples (Kovacs 
and Keresztes, 1989). Apparently, when hypodermal chloroplasts were irradiated 
in fruits, the synthesis (not only of the proteolytic enzymes, but also of other proteins, 
including LHC II) was inhibited. This general inhibition of protein synthesis prevents 
plastid transformation from one type into the other, and this is why both greening 
and degreening could be inhibited by irradiation. In fruits containing amyloplasts 
or chloroamyloplasts in their hypodermis at the time of harvest (e.g. Mutsu apple), 
gamma irradiation (1 kGy) preserved starch grains. Starch was abundant in the 
hypodermis immediately after harvest, but broke down after a few days. Cells 
became senescent by the end of storage. Irradiation, however, seemed to delay 
degradative processes notably including starch decomposition, for at least 3 months. 
Preservation of starch grains is presumably due to the inhibition of synthesis of amy- 
lolytic enzymes. As the enzymes of starch metabolism are encoded by the nucleus 
and synthesized in the cytoplasm, the target for irradiation seems to be outside of 
the plastids again. A more difficult problem is the irradiation induced synthesis of 
starch. The appearance of newly synthesized starch is probably due to an increase 
in the substrate level, rather than in enzyme activities of the plastids. In the apple 
fruit the substrate can be recycled from the vacuole into the plastids by the change 
of membrane permeability, which may be the effect of the combined treatment 
(calcium combined with irradiation) (Keresztes and Kovacs, 1991). 

3.3. Synthesis of starch 

ADP-glucose pyrophosphorylase plays a central role in regulating starch synthesis 
in the chloroplast. ADP-glucose pyrophosphorylase is activated by 3-PGA (glycero- 
3-phosphoric acid) and inhibited by P; (pyrophosphate) and it is the ratio of 3-PGA: 
Pj that is important in controlling the activity of ADP-glucose pyrophosphorylase. 
Both metabolites serve as signal molecules indicating the status of sucrose syn- 
thesis in the cytoplasm. When triose phosphate is produced faster than it can be used 
in the cytoplasm for sucrose synthesis, 3-PGA accumulates in the chloroplast, 
whereas there is a decrease in the rate P, is recycled from sucrose synthesis to the 
chloroplast. Since they are both transported by the triose phosphate translocation 
(3-PGA out Pj in) they are clearly ideally placed to connect events in the cyto- 
plasm with those in the stroma. The decrease in Pj concentration in the stroma 
also decreases the concentration of ATP. In turn, because the conversion of 3-PGA 
to triose-P is inhibited by the reduced availability of ATP, 3-PGA will accumulate 
in the stroma. This will be reinforced by the reduced concentration of Pj available 
in the cytoplasm to exchange with triose phosphate through the triose phosphate 
translocation. The result will be an increase in the 3-PGA: P; ratio signalling a reduc- 
tion in the rate of sucrose synthesis in the cytoplasm and stimulating starch synthesis 
in the chloroplast. Consequently, carbon is diverted to starch synthesis when sucrose 
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synthesis is limited and the rate of photosynthesis is maintained. A further conse- 
quence of starch synthesis in the chloroplast is recycling of Pj from the 
phosphorylated intermediates used in starch synthesis to the reactions synthesizing 
ATP, thereby maintaining photosynthetic efficiency. The two stores of starch play 
different roles in the plant. Starch accumulation in the amyloplasts of non-photo- 
synthetic tissues, such as the endosperm of seeds or tubers, occurs over long periods, 
sometimes several months of the growing season. Turnover of the starch is very low. 
In contrast, starch in the chloroplast turns over very rapidly. It accumulates during 
the light period, usually following a delay after photosynthesis has begun, and is 
broken down in the following dark period. This pattern of turnover relates to the 
capacity of the leaf to export and store sucrose. Starch is an a-glucan that accu- 
mulates in granules within the amyloplast or chloroplast. Two types of molecules 
are present in the granule, amylose and amylopectin. Although the two stores of 
starch have different functions, the enzyme reactions in their synthesis are similar 
and both are synthesized within membrane-bound plastids, the chloroplast in the leaf 
and the amyloplast in non-photosynthetic tissues. In the chloroplast, at least, ADP- 
glucose pyrophosphorylase is a key factor in the regulation of starch synthesis. 
Glucose is transferred from ADP-glucose to the non-reducing and of a pre-existing 
(3-(l— >4)-glucan chain by starch synthesis. It exists in two major, genetically distinct 
forms, one bound to the surface of the starch granule and one that is present in 
the soluble fraction of the amyloplast, although the soluble form has some associ- 
ation with the granule. The two forms differ in their substrate affinities. The soluble 
starch synthase is responsible for elongation of amylopectin at the surface of granule. 
The granule-bound enzyme is associated with synthesis of amylose. However, 
amylopectin is still synthesized, so the granule-bound synthase must be respon- 
sible for synthesis of amylose, while amylopectin is synthesized by the soluble 
synthase (Smith, 1999). 

3.4. Degradation of starch 

The pathways of starch degradation in photosynthetic and non-photosynthetic tissues 
involve similar enzymic reactions, although the fluxes through the pathways and the 
manner in which they are regulated may be different. Complete degradation of starch 
requires the co-operative activities of several enzymes, including hydrolases and 
phosphorylases. a-Amylase is an endohydrolase that cleaves a(l— >4) glycoside 
linkages at random. With amylose as substrate, it initially causes a rapid reduc- 
tion in chain length, as internal linkages are cleaved, and a series of linear 
malto-oligosaccharides is produced. a-Amylase cannot hydrolyze the a(l— >4) 
linkage in maltose, so the continued hydrolysis of the oligosaccharides produces 
mainly maltose, some maltotriose and glucose. With amylopectin, hydrolysis stops 
near the (1— >6) branch point, consequently, in addition to maltose, maltotriose and 
glucose, a mixture of short-chain (DP, 2-12) branched oligosaccharides is produced. 
(3- Amylase (1,4-a-D-glucan maltohydrolase) is an exohydrolase that removes 
maltose residues from the non-reducing end of amylose chains. It is not present 
in the chloroplast but is present in cereal seed such as barley. In the chloroplast, both 
a-amylase and phosphorylase appear to be involved in starch break down in the dark 
(Smith, 1999). 
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1. INTRODUCTION 
1. 1. Production and importance 

The most favourable region for the growing of citrus fruit is the so-called ‘citrus 
belt’ , situated between 20° and 40° N and S latitude (Spiegel-Roy and Goldshmidt, 
1999). The major citrus producing regions are the Mediterranean, North and South 
America, China and Japan. According to the FAO the major producing countries 
in 1999/2000 are shown in Table 1. Production share varies for different countries 
from 2.83% in Brasil to 99.17% in Japan. Statistical data for the satsuma mandarin 
are not recorded separately and it is therefore difficult to assess its share in total pro- 
duction. The satsuma mandarin is grown in the cool subtropical regions of Japan, 
Spain, central China, Korea, Turkey, along the Black Sea in Russia, southern South 
Africa, South America, and in the U.S.A. on a small scale in central California 
and northern Florida (Ferguson, 1996). 

In Croatia, the satsuma mandarin is the most widespread citrus crop because of 
its relative resistance to cold. This fruit extends across 44°45' N (the Losinj 
Archipelago and Brijuni Islands), and reaches beyond the northern boundary of 
the ‘citrus belt’. The first seedlings of the satsuma mandarin were planted in 1936, 



Table 1. The ten top-ranking world nations in citrus fruit production and their share in mandarin 
production in 1998/1999 in thousand metric tons. 



Country 


Total 


Mandarins 


Share (%) 


China 


10,118 


5,941 


58.72 


Spain 


5,608 


2,014 


35.91 


Japan 


1,743 


1,360 


78.03 


Iran 


3,522 


727 


20.64 


Brasil 


23,987 


680 


2.83 


Thailand 


1,063 


640 


60.21 


Korea Rep. 


606 


601 


99.17 


Italia 


3,124 


550 


17.61 


Pakistan 


2,072 


540 


26.06 


U.S.A. 


12,565 


474 


3.77 


Total 


64,408 


13,527 


21.00 



Source: FAO (2001). 
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and its expansion was remarkable in 1937-1941 (Bakaric, 1983). The production 
figure of 7,699 tons achieved in 1990 rose to 21,714 tonne in 1998, i.e. an increase 
of about 300%. Unofficial data for 2001 indicate that production reached about 
30,000 tonne. The major production area is the Neretva River valley. This crop is 
particularly economically important because it is exported to neighbouring countries 
with a well developed consumption tradition but where conditions are unsuitable for 
citrus growing (Bosnia and Herzegovina, Slovenia, the Czech and Slovak Republics). 

1.2. Pre- and postharvest physiological changes in fruit 

Maturing is the final stage in the development of the fruit, which results in signif- 
icant changes in its chemistry. In the orange and grapefruit, increased respiration 
rates and ethylene production are recorded during the earlier development stages. 
However, these changes are not considered as a true climacteric (Eaks, 1970) and 
citrus fruits are therefore classified as non-climacteric. A related increase in respi- 
ration is not present in the subsequent development stages, particularly prior to 
harvest maturity. Some studies, however, indicate that ethylene could play a regu- 
latory role in orange ripening (Alonso et ah, 1995). The maturing physiology of 
some non-climacteric fruits is still unclear and further research is necessary to 
shed more light on this complex process. 

The initial sign of maturity is a change in peel colour, from green to orange. 
This change is caused by chlorophyll degradation and transformation of the 
chloroplasts into chromoplasts with yellow, orange and red pigments (carotenoids, 
lycopene, and the like). Although a relation between peel colour change and soluble 
solids content has been determined (Zude and Herold, 2001), it is not always present. 
Thus, in a warm and humid sub-tropical climate the fruit may be mature although 
the peel is still completely green (Ferguson, 1996). In addition to the climatic factors, 
the change in colour is affected by tree vigour; in vigorous trees its development 
is slower than in less vigorous trees (Davies and Albrigo, 1998). This is a conse- 
quence of increased nitrogen concentration in leaves, which is in negative correlation 
with the colour (Tachibana and Yahata, 2001). Low concentration of sucrose and 
reducing sugars and their low ratio also negatively affect the colour change (Tagaki 
et ah, 1994). In Croatia, the most suitable time for harvesting is considered to be 
when 1/3-2/3 of the fruit surface has turned from green into yellow-orange. Average 
fruit properties at that point in time are shown in Table 2. 

Colour change is accompanied by a change in the chemical composition of the 
fruit. These changes include, in particular, an increase in soluble solids and a decrease 
in total acids. These processes are directly related to climate factors, so their 
development is faster in the warmer regions and slower in the colder (Davies and 
Albrigo, 1998). Other factors, such as rootstock, fertilisation, pruning, diseases 
and pests, could also affect the intensity of these changes. A negative correlation 
exists between the concentration of nitrogen in leaves and soluble solids, and also 
between soluble solids and titratable acidity. However, a positive correlation exists 
between nitrogen concentration in the leaves and titratable acidity (Tachibana and 
Yahata, 2001). 

The sugar share in juice soluble solids is more than 80% (Table 2). Juice from 
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Table 2. Average properties of the satsuma mandarin from the Dubrovnik environs. 



Fruit mass (g) 


69.00 


Volume (cm^) 


85.00 


Specific gravity (g-cm“^) 


0.81 


Peel share (%) 


24.00 


Juice in fruit (%) 


60.00 


Juice in pulp (%) 


85.00 


Solids in juice (%) 


9.00 


Solids in fruit (%) 


12.00 


Juice specific gravity (g-cm“^) 


1.03 


Titratable acids % (as citric acid) 


1.10 


Vitamin C in juice (mg- 100 mU) 


30.00 


Mannose in juice (%) 


3.30 


Sucrose in juice (%) 


4.50 


Total sugar in juice (%) 


7.80 


Share of sugar in soluble solids in juice (%) 


86.67 


Total nitrogen in peel (%) 


0.29 


Total nitrogen in juice (%) 


0.10 


Total nitrogen in fruit (%) 


0.19 


Ash in peel (%) 


0.66 


Ash in juice (%) 


0.33 


Ash in fruit (%) 


0.41 



Source: Bakaric (1983). 



citrus fruits possesses a high content of organic acids, the highest being that of 
citric acid, followed hy malic, succinic, adipinic, isocitric, a-ketoglutaric and aconitic 
acid (Murata, 1997). Under the conditions prevailing in southern Croatia total 
acids fall from 2.45% to 1.20%. from late September to late October (to the point 
in time when one-third of the fruit has developed a yellow colour). Subsequent 
decrease in acids is not so dramatic, so the acid content at the point in time when 
the entire fruit surface turns yellow is 1.16% (Bakaric, 1983). 

The fruits lose their weight after harvesting, such weight loss being mostly due 
to water loss. Weight loss rate mostly depends on storage temperature, and decreases 
with a drop in temperature. Fruits that suffer chilling injuries (Cl) have higher weight 
loss (Cohen et ah, 1994), and such weight loss may be used as an early Cl indi- 
cator preceding any visible symptoms. Electrolyte leakage could also be an indication 
of Cl (Ogaki et al., 1990). 

The physiological processes and changes in the chemical composition of the 
fruit continue after harvesting. The soluble solids content continues to increase, as 
do soluble solids/total acids ratio and fruit acid loss (Tachibana and Yahata, 2001). 
Also, the changes are noticed in different pectin fractions (Naohara and Manabe, 
1994). Respiration continues, its intensity depending on numerous factors, the 
most important of which is temperature. Fruits from the outer parts of the canopy 
have greater respiration and loss of ascorbic acid, glucose, fructose and sucrose 
(Izumi et al., 1990). It is interesting to note that carbon dioxide concentration has 
little or no effect on oxygen consumption (Kubo et al., 1996b) and that the extinc- 
tion point (the lowest oxygen concentration at which the respiration coefficient 
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remains 1.0) is higher than the critical oxygen concentration (COC) (oxygen con- 
centration at which carhon dioxide release is at its minimum) (Kuho et ah, 1996a). 
The senescence process causes quality deterioration resulting from the accumula- 
tion of compounds that give the fruit a had flavour (ethanol, acetaldehyde, and 
the like). These compounds also build up when the fruit is exposed to chilling 
inducing temperatures. Therefore, a quality index (Usai et ah, 1997) based on 
acetaldehyde/geraniol ratio is proposed. This can be used for early detection of 
quality deterioration during fruit storage. 

1.3. Fruit maturity and harvest 

The soluble solids/total acids ratio is used as one of the major indicators of fruit 
maturity in many regions. In Croatia, the best fruit taste is obtained when the ratio 
is 7:1 (Bakaric, 1983). In addition to the soluble solids/total acids ratio, soluble solids 
are used as a supplementary indicator on which the fruit taste depends. When the 
soluble solids level is high, the fruit might have an ‘empty’ taste, so many citrus 
growing countries use the sliding maturity standard that allows for a higher total 
acid level when soluble solids concentration is higher (Davies and Albrigo, 1998). 
Depending on what the fruit is intended for, and the requirements of a particular 
market, harvest time may be shifted prior to or after the moment when the optimal 
ratio is reached. It should be pointed out, however, that harvest time must not be 
determined solely on the basis of the said indicators. Other methods should also 
be used, such as fruit tasting. Although subjective, this method can help to pick fruits 
of optimum quality for a specific purpose. In Croatia, harvest time is sometimes 
determined on the basis of checking how easily the fruit peels. Accordingly, the 
optimum harvest time is considered to be when peel separation from the pulp is very 
easy. The use of an optical spectral analysis of peel colour has been reported as a 
suitable method for forecasting the quantity of soluble solids in the fruit (Zude 
and Herold, 2001). Research into the most suitable objective criteria for determi- 
nation of harvest time should be continued, since there is no single objective criterion 
that can be used in all cases. 

The fruit should be harvested with care. Satsuma mandarin fruits are sensitive 
to pressure and mechanical damage. Mechanical damage not only spoils fruit appear- 
ance but also allows access to fungal pathogens which cause fruit decay {Penicillium 
digitatum, P italicum. Geotrichum candidum, Alternaria citri etc.). These pathogens 
might cause losses as high as 63.5% (Nam et ah, 1993). Therefore, careful handling 
of the fruits during and after harvesting is one of the measures that contribute pos- 
itively to storage quality (Hasegawa et ah, 1989). Special cutters should be used 
for separation of fruit from the bearing shoot. 

After harvesting the fruit is transported to storage where numerous handling oper- 
ations are performed that may be more or less modified, depending on the citrus 
fruit concerned and the necessary procedures preceding storage or marketing. 
Standard operations include washing, sorting, fungicide application (with/without 
wax), packaging and shipment (Grierson et al., 1978). Fungicide application has 
recently been restricted since many preparations are losing their use permits, and 
new procedures are being introduced for control of decay caused by fungal 
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pathogens. Heat treatment methods are applied more than other procedures due to 
their simplicity and efficacy. 



2. STORAGE AND POSTHARVEST PRACTICE 

Controlled-atmosphere storage has not been used for citrus fruits, partly for economic 
reasons and also because of the physiological characteristics of the fruits. Storage 
life of middle and late maturing satsuma mandarin cultivars is comparatively long 
compared to other citrus fruit (Murata, 1997). Application of curing treatment in 
Japan extends the storage life of the satsuma mandarin to 3-5 months (Table 3). 
In Croatia, storage life does not exceed 3-4 weeks, and the quality of the product 
is uncertain, satsuma mandarin storage life in other countries is also not long 
(Table 3). Arrhenius plot shows that fruits suffer chilling injuries at temperatures 
below 5 °C (Murata, 1990), and different pre-treatments are therefore necessary 
for injury reduction. The author mentions that fruit quality could even improve during 
its storage due to reduced acids in the fruit. However, the major problem encoun- 
tered in Croatia is postharvest loss of acid from the fruit, which results in a product 
with an ‘empty’ taste reaching the market and which is rejected by consumers. Thus, 
the concept of fruit quality actually differs depending on the culture and habits of 
consumers. 

A further problem is that satsuma mandarin storage weight loss is higher than 
in other citrus fruit (Garran et al., 1995), and puffiness is more frequent. Additionally, 
the colour of the marketed fruit is often insufficiently developed. 

These problems make it imperative for different pre-storage and post-storage 
treatment methods to be introduced for the satsuma mandarin in order to increase 
both fruit storage life and quality. Some of these methods are still under research; 
some have not found a wide application, while others have been widely used for 
years. Unfortunately, none of these methods are used in Croatia, which must be 
the main reason for the poor storage life of fruits. 

The application of heat treatment, fungicide application, use of growth regula- 
tors, wax and modified atmosphere packaging, micro-organisms, anaerobic stress 
and radiation will be described below. 



Table 3. Storage conditions and postharvest life of satsuma mandarins in different countries. 



Country 


Temperature 

(°C) 


Humidity 

(%) 


Length of storage 
(days) 


References 


Cuba 


4 


85 


45 


Guerra et al., 1988 


New Zealand 


5-6 


- 


42 


Beever, 1990; 

Lawes and Prasad, 1999 


Japan 


3-4 


80-85 


90-150 


Murata, 1997 
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2.1. Heat treatments 

Although their efficiency in preventing the citrus fruit decay during storage has been 
documented, heat treatments have not been widely used. One of the reasons for 
this is certainly the fact that the application of fungicides is easier and cheaper 
(Schirra and Ben-Yehoshua, 1999). However, since an ever increasing number of 
fungicides have recently been losing their use permits, heat treatments are regaining 
the importance they had at the beginning of the last century, when research into 
heat treatments was initiated (Fawcett, 1922). 

Heat treatments have been referred to as ‘preheating’, ‘curing’ and ‘conditioning’ 
(Schirra and Ben-Yehoshua, 1999). Pre-heating is a preliminary treatment applied 
immediately after harvesting and prior to any other treatment, or fruit shipment. Heat 
treatments are actually intended for curing, which includes healing of injuries on the 
fruit surface. Conditioning is a specific use of heat, designed to prepare the fruit 
for stress, such as exposure to a suboptimal temperature (for fruit fly elimination). 
These treatments are classified according to their duration into short (up to 60 
minutes; water temperature 45-60 °C) and long (12 hours to 4 days; hot air tem- 
perature 38^6 °C). 

The positive effects of these treatments include pathogen control, quality preser- 
vation and, in particular, chilling injury reduction. 

2.1.1. Curing 

Fruits are heated to 38 °C at 100% relative humidity for 72 hours, in combination 
with wrapping in PE (polyethylene) film, which results in freshness preservation 
(D’Aquino et al., 1996). In Japan, curing is commonly practised before long-term 
storage until the fruits lose 3-5% of their weight (Murata, 1997). Hasegawa et al. 
(1991) report that keeping of fruits at 20 °C and 60-70% RH for 2-3 weeks before 
storage results in lower weight loss after storage at 5 °C for 3-4 months. Lower 
rate of decay has been noticed, although the share of decayed fruits immediately 
after the treatment was higher than in the case where curing is carried out at 
10 °C. Additionally, the fruit colour after storage was found to be much more 
attractive for the consumers. When the fruit is kept at 35 °C for 72 hours, the content 
of acids, particularly citric acid, drops. The level of vitamin C also decreases 
(Kawada and Kitagawa, 1986). Lowered acidity might be a serious problem for 
longer storage, since the fruits have an ‘empty’ taste. However, in cultures which 
prefer that flavour, reduction of acidity may even positively affect fruit accep- 
tance in the marketplace. 

These treatments also help reduce puffiness during longer storage. The hot air 
treatment found its application in control of some quarantine pests (Anonymous, 
1999). 

2.1.2. Hot water dip (HWD) 

Dipping of fruits into water at 52 °C for three minutes is a highly efficient method 
for prevention of chilling injuries and losses due to decay (Schirra and Mulas, 1995). 
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HWD is a simple method that combines well with other procedures applied during 
storage (Rodov et al., 1995), and it therefore needs to be improved in order to 
avoid possible negative impacts (heat damage) that sometimes occur. 

2.1.3. Our research of heat treatments 

The problem related to satsuma mandarin production in Croatia is lack of a storage 
technology developed on the basis of our own experience. There have been some 
attempts made to apply foreign experience, but they failed. It is well known that 
climate, technological and other conditions have a significant bearing on storage 
life. 

The majority of producers are smallholders having no adequate storage facili- 
ties. The fruit is most often stored in provisional storages, with no possibility of 
control of basic parameters. Part of the production is delivered to cold stores in 
the area, but even in this case there are losses for the reasons already described. 
The major problem is an excessive loss of acids that results in fruits with an ‘empty’ 
taste very soon after harvesting. The products lose their market value, especially 
when other imported citrus fruit (clementines) with better taste arrive on the market. 

For this reason we launched our research into storage life improvement on the 
‘Saigon’ cultivar in 2000. This cultivar was selected because it matures later and 
is therefore very suitable for storage. Additionally, there are great prospects for 
its growing in the Neretva River valley. 

Our strategy was to lower storage temperature from the norm of -i-5 °C in order 
to decelerate fruit metabolism. However, the satsuma mandarin is susceptible to 
chilling injury at temperatures below -i-5 °C (Murata, 1990). Heat treatments are 
known to reduce the incidence of chilling injuries (Schirra and Ben-Yehoshua, 1999). 
Therefore, our objective was to find an adequate preheating method to be used 
prior to storage. The research encompassed HWD at 46, 48, 50 and 52 °C for 
three minutes, and also curing at room temperature, until the fruits lost 3-5% of 
their weight. The Tables 4 and 5 show the data on fruit quality and chilling injuries 
for two seasons. The fruits were kept at 0-1 °C for 67 (HWD) and 52 (wilting) days, 
and at room temperature (shelf-life) for seven days. 

The results confirm efficiency of HWD at 48-50 °C in chilling injury control 
(Table 5). In 2001, the results of HWD at 52 °C were not poorer than those achieved 
with other treatments. However, fruit weight loss during storage was significantly 
higher than in control and any other treatment with the exception of wilting, 
compared to which it was lower (Table 5). Since increase in weight loss is an 
indication of chilling injury even before the symptoms become visible (Cohen et al., 
1994), it could be concluded that this treatment is generally not suitable for the 
satsuma mandarin grown in Croatia. This does not correspond with the results 
obtained for other citrus fruit (Rodov et al., 1995). Cold stress tolerance is a complex 
quantitative characteristic (Guy, 1999). Further, it depends on factors such as time 
of harvesting (Schirra et al., 1998; Nordby and McDonald, 1995), the part of canopy 
from which the fruit was harvested (NordbyandMcDonald, 1995), genotype 
(McDonald et al., 1991; Yuen and Tridjaja, 1995), maturity (Lafuente et al., 1997), 
and the like. Therefore, any treatment may have different effects in different years 
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Table 4. Quality of satsuma mandarin after HWD and wilting treatment (SSC - soluble solids 
concentration, TA - titratable acidity). Yearly means followed by the same letter are not significant 
by Duncan multiple range test at P < 0.05. 



Treatment Weight loss (%) 



Storage 


Shelf 


Total 


Juiciness 


SSC 


TA 


SSC/TA 




life 




(%) 


(%) 


(%) 


ratio 



2000 


HWD 46 °C 


8.39bc 


6.79a 


14.60b 


60.88a 


10.2c 


0.74bc 


13.80ab 


HWD 48 °C 


7.49c 


6.68a 


14.64b 


56.97a 


12.6a 


0.98a 


12.64bc 


HWD 50 °C 


8.85bc 


7.53a 


15.70ab 


58.19a 


11.9a 


0.90a 


13.39abc 


HWD 52 °C 


9.19b 


7.81a 


16.24ab 


59.92a 


11.0b 


0.84ab 


13.25abc 


Wilting 


11.52a’‘ 


6.47a 


17.23a’‘ 


59.37a 


11.1b 


0.97a 


11.48c 


Control 


8.17bc 


6.71a 


14.27b 


62.22a 


10.2c 


0.69c 


14.78a 


2001 


HWD 46 °C 


4.59e 


6.73b 


11.91d 


45.59b 


10.7c 


0.85bc 


12.77b 


HWD 48 °C 


6.92cd 


6.68b 


13.10cd 


50.49a 


10.6c 


0.84bc 


12.54b 


HWD 50 °C 


6.03ed 


8.80a 


14.31c 


50.17a 


11.3b 


0.87b 


13.07b 


HWD 52 °C 


9.04b 


10.51a 


18.92ab 


51.80a 


12.2a 


1.02a 


12.03b 


Wilting 


12.54a’‘ 


10.28a 


21.41a’‘ 


52.06a 


11.6b 


0.76c 


15.39a 


Control 


8.18c 


9.98a 


17.34b 


54.62a 


11.4b 


0.93ab 


12.42b 


Year (Y) 


*** 


*** 


n.s. 




n.s. 


n.s. 


n.s. 


Treatment (T) 


*** 


*** 




n.s. 




** 


n.s. 


y*t 








** 


*** 







Note: **, ***, n.s. - significant at P < 0.01, P < 0.001 and non-significant, respectively. 
* - weight loss includes loss during the treatment. 



Table 5. Cl-index and percentage of damaged fruits after HWD and wilting treatment in 2000 and 2001. 



Treatment 


2000 






2001 






Cl-index 


Percentage 


Chi-square 


Cl-index 


Percentage 


Chi-square 


HWD 46 °C 


0.80 


75.0 


12.7 


0.34 


34.2 


0.6 


HWD 48 °C 


0.38 


30.0 


0.9 


0.26 


22.9 


0.1 


HWD 50 °C 


0.33 


27.5 


1.5 


0.00 


0.0 


7.0 


HWD 52 °C 


0.43 


42.5 


0.1 


0.26 


20.0 


0.0 


Wilting 


0.00 


0.0 


15.8 


0.77 


51.4 


17.3 


Control 


0.83 


65.0 


5.3 


0.00 


0.0 


7.0 


Total 






36.3** 






32.0** 



** - significant at P < 0.01. 



and under different climatic conditions. In Croatia, the satsuma mandarin is grown 
at the northern boundary of the ‘citrus belt’, so it is possible that the fruit has not 
adapted to the higher temperature, and therefore HWD at 52 °C has a negative effect 
on the Cl. This has been confirmed by additional research (Jemric and Pavicic, 
unpublished data). The time of harvesting should also be reconsidered, since fruit 
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picked early or late in the season may be sensitive to the impact of the increased 
temperature used for HWD (Schirra et al., 1997). 

2.2. Fungicide application 

Three fungicides, imazalil (IMZ), thiabendazole (TBZ) and sodium o-phenyl phenate 
(SOPP) are the most frequently used fungicides in postharvest treatments of citrus 
fruit (Eckert and Eaks, 1988). In addition to fungal pathogens control, IMZ and TBZ 
decrease the Cl occurrence (Schifmann-Nadel et al., 1975), particularly when 
combined with HWD (McDonald et al., 1991). Eungicide application is particu- 
larly important in modified atmosphere packaging (MAP) (D’Aquino et al., 1997), 
since it prevents high losses due to fruit decay. 

Because of their characteristics and comparatively low application costs, these 
compounds are in regular use. However, their widespread use resulted in genera- 
tion of a resistant Penicillium sp. strain (Holmes and Eckert, 1992). The costs of 
development of new fungicides are very high, and there is a pending deregistra- 
tion of some fungicides that have been successfully used for years due to the threat 
they pose to public health (Eckert, 1995). Therefore, the accessibility of efficient 
methods for pathogen fungi control during storage is vital. Researches carried out 
into the optional use of some ‘classical’ sulphur-based fungicides in combination 
with HWD are very interesting (Smilanick and Sorenson, 1999). 

All these facts encourage research into the possible application of alternative 
treatments that could substitute, or at least reduce, the use of fungicides in post- 
harvest fruit treatment. So far, heat treatments have the brightest future (Schirra 
and Ben-Yehoshua, 1999), although good results were achieved with the addition 
of sodium bicarbonate (Homma et al., 1982) and K-sorbate (Nelson and Wheeler, 
1981). 

2.3. Application of growth regulators 

Ethylene is the most important of the growth regulators applied to citrus fruit after 
harvesting and is used for degreening. It is particularly useful for the satsuma 
mandarin, which frequently has an inadequately developed colour at the moment 
of its consumption maturity. 

Ethylene is usually applied in two ways. In the first procedure, fruits are exposed 
to a 500-1,000 ppm of ethylene at 20-25 °C for 15 hours. Chlorophyll decompo- 
sition commences after 3-4 days. 

In the second procedure, fruits are exposed to a 5-10 ppm of ethylene at 25 °C 
for 12 hours, followed by a 12-hour interruption, after which ethylene is re- 
applied. This 12+12 hours cycle is repeated until a satisfactory colour is obtained. 
Relative humidity maintained in the chamber during the procedure is 90%, and 
ventilation is slight (0.5-1% chamber capacity), which corresponds to 0.3-0. 6 
exchanges of air per hour. The results of this procedure are better than those of 
the first (Cohen, 1981) when applied to completely green fruit. However, if the 
procedure is applied to fruits that have begun to change colour, the first proce- 
dure is superior (Kitagawa, 1973; Kitagawa and Tarutani, 1973; cited by Cohen, 
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1981). Degreening should be combined with fungicide application in order to control 
decay (Tusett et al., 1988). 

The mechanism through which ethylene causes chlorophyll degradation is not 
fully understood. It would seem that the initial reaction is dephytylation of chloro- 
phyll into chlorophyllide through chlorophyll-chlorophyllide dihydrolase (chloro- 
phylese) (Azuma et al., 1999), and ethylene causes its ‘de novo’ synthesis in the 
fruit. With some slight differences, chlorophyll destruction in postharvest ethylene- 
treated fruits is identical to that which occurs during the fruit maturation (Yamauchi 
et al., 1997). 

In addition to ethylene, 2,4-D and GA 3 are used, although their role is different. 
Thus, 2,4-D in a concentration of 500 ppm improves the connection of the button 
with the fruit (Beever, 1990), and GA 3 and oxalic acid decrease decay and loss of 
juiciness (Wang et al., 1995). In both cases, decay resistance is improved and thus 
a window for fungicide concentration reduction is open. 

Research into the use of growth regulators should be expanded to other com- 
pounds, such as e.g. methyl jasmonate which has proven efficient in chilling injury 
reduction in avocado, grapefruit and pepper (Meir et al., 1996). 

2.4. Wax application 

Weight loss is a serious problem encountered during storage. Weight loss in the 
satsuma mandarin during storage is higher than in other citrus fruit (Garran et al., 
1995). A weight loss of 5-10% is considered to be capable of causing a quality 
loss that makes the fruit unmarketable (Davies and Albrigo, 1998). Therefore, it 
is important to minimise such losses. 

Application of wax on the fruit surface results in weight loss reduction by 28%, 
but it also reduces the quantity of oxygen and enhances CO 2 in the fruit. Change 
in gas composition in the fruit is noticed as early as two days after the fruits have 
been moved to 20 °C (Lawes and Prasad, 1999). This change probably causes a 
decrease in respiration rates, and consequently smaller losses in soluble solids, acidity 
and vitamin C and increased shelf-life, in some cases by as much as 50% (Bayindirli 
et al., 1995). 

In addition to its positive effect on quality and storage life, wax could cause 
off-flavour because of increased acetaldehyde and ethanol (Bayindrili et al., 1995; 
Lawes and Prasad, 1999) generated from pyruvic acid due to anaerobic respira- 
tion. The peel vapour permeability is higher than permeability to O 2 and CO 2 , and 
it passes rather freely through fine cracks on the wax surface (Ben-Yehoshua et 
al., 1985). Wax application could cause the collapse of oil glands and consequen- 
tial peel pitting (Petracek et al., 1998). 

Preliminary investigations conducted in our laboratory show a negative effect 
of waxes on fruit quality (of-flavour). However, reduced weight loss and improved 
appearance confirm the need for the research to be continued in order to find better 
waxes and thus mitigate and avoid negative impacts. An ideal wax coating for 
citrus fruit should have increased O 2 and CO 2 permeability, and lower vapour per- 
meability (Lawes and Prasad, 1999). It is obvious that many issues need to be 
addressed before the procedure finds its wider application. 
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2.5. Modified atmosphere packaging (MAP) 

Modified atmosphere packing (MAP) application in storage of fruit and vegeta- 
bles is gradually becoming more important because it is environmentally acceptable 
and the investment is lower than for storing in a controlled atmosphere (Ben- 
Yehoshua et ah, 1998). 

MAP is particularly important for early cultivars of the satsuma mandarin intended 
for direct consumption. The main problem is creasing of the fruits and high weight 
loss during transportation over longer distances. MAP might result in weight loss 
reduction from 18.6 to as low as 1.4% at 20 °C for 20 days. Fruit freshness and 
acceptance were excellent after 10 days, while acceptance was somewhat lower after 
30 days (D’Aquino et ah, 1997). 

After washing in fungicide solution and individual packing of fruits in PE film 
coated with fungicide, the percentage of sound fruits was about 96% after 100 
days of storage. However, even without washing and fungicide the percentage of 
sound fruits was still 90%. Control (washing with water) without MAP results in 
78.9-88.5% healthy fruits. An additional advantage of the MAP method is that 
the content of sugar, acid, vitamin C and juice is higher after 7-day storage in 
2 kg bags. When individual packing in PE film is used, the profit is 20% higher 
in comparison with classical storage, and 30% higher for fruit sold immediately after 
harvesting (Li et al., 1991). PE film use for individual packing results in a weight 
loss decrease of 3/4 compared to the control (Zhou et al., 1991). A considerably 
successful preservation of fruit freshness, and weight loss and decay decrease, are 
achieved when curing at 38 °C for 72 hr is combined with PE film wrapping 
(D’Aquino et al., 1996). It is interesting to note that occurrence of oleocellosis is 
lower when the fruits are wrapped in 0.02 mm thick PE film (Hasegawa and Yano, 
1994). 

2.6. Application of microorganisms 

Yeast Debaromyces hansenii (strain 43 E) inhibits development of Penicillium 
digitatum (96-100%), P. italicum (89-91.9%) and Botrytis cinerea (90-98%) in 
damaged orange and satsuma mandarin fruits (Arras and Arm, 1999). The yeast does 
not generate toxic compounds and its growth on an injury is rapid. It stimulates 
the creation of phytoalexins (scopoletin and scoparone). Scoparone reaches fungal 
toxicity concentration 48 hours after inoculation. It is very interesting that yeast 
is resistant to TBZ (5 g/1) and IMZ (0.2 g/1). This characteristic presents the 
possibility for reduction in fungicide use in control of citrus fruit decay during 
storage, and reduction in the inoculum quantity needed for successful protection. 

2.7. Anaerobic stress application 

When the fruit is kept for 24 hours in 100% Nj or CO 2 , and subsequently waxed, 
respiration falls by 50%. The problem here, however, is an off-flavour, particu- 
larly in treatment with CO 2 (Piga et al., 1998). Therefore, the authors recommend 
N 2 treatment without wax, after which the fruit does not lose its commercial value 
at 20 °C for 10 days. 
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2.8. Radiation application 

It has been determined that gamma radiation application (5 krad), with simnltaneous 
use of storage improvement agents, decreased fruit decay for 24% (Ni et al., 1987). 
Radiation exposure dose below 1 kGy is approved for quarantine pest control, but 
as fruit injuries might occur (Miller and McDonald, 1998) fruit conditioning at 38 
or 42 °C is recommended prior to radiation. Since quarantine pests can also be 
controlled by heat treatment (Anonymus, 1999), it is better to avoid radiation, 
considering the risks posed by exposure. 



3. CONCLUSION 

The described treatments enable an increase both in the quality and storage life of 
the satsuma mandarin. Storage of this citrus fruit does not receive sufficient atten- 
tion, particularly when it comes to application of the described treatments. The result 
is a very short storage life of not more than a couple of weeks, and the inade- 
quate quality of fruit. This causes price fluctuations and short consumption periods, 
which is not encouraging for production. There is no doubt that research needs to 
be initiated as soon as possible in order to determine the optimum storage condi- 
tions and necessary postharvest handling of the fruits. It would appear that heat 
treatment is the most promising method because of its easy application and Cl control 
efficiency. HWD at 48-50 °C could be considered advantageous, whereas the use 
of higher temperatures could negatively affect the fruits because of their inade- 
quate adaptation to heat. 
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1. INTRODUCTION 

History of garlic crop dates back from more than 3000 years BC and it is related 
to the most antique people of Asia, from where it comes. There are documents 
that show that Chinese, Egyptian and Sumerian people used it for cooking (because 
of its scent and flavor) and medicine (due to its excellent therapeutic and prophy- 
lactic properties) besides giving it a certain religious meaning. Today, fresh garlic 
as well as its dehydrated products and paste, are used worldwide in food industry 
as seasoning, and its therapeutic value is still recognized (Augusti, 1990; Mathew, 
1996). 

Garlic is considered a non-perishable vegetable since, once the bulb is har- 
vested, it preserves its qualities for a long period of time, even during storage. 
However, in these conditions and after a certain period of time, most of the bulbs 
lose their quality due to physical, physiological and pathological factors. From 
the physiological point of view, sprouting is one of the main causes of quality 
loss during post-harvest storage period. Considering the increasing number of 
countries that ban the use of chemical products for sprouting inhibition, the 
use of ionizing radiation arises as an alternative for said purpose. Sprouting 
radioinhibition process, as it is known, has proved to be a useful method to 
extend the marketing period of treated bulbs (Croci and Curzio, 1983). At an 
international level, many countries have approved the marketing and consumption 
of irradiated bulbs (Anonymous, 1991). The awareness of the economic benefit 
derived from the treatment of garlic bulbs with ionizing radiation is a key factor 
for the application of this leading-edge technology. Some research made in the 
red garlic produced in the area of Medanos and CORFO - Rfo Colorado (Argentina) 
has shown that radioinhibition increased the final profit in an amount equivalent 
to the percentage of the production lost due to sprouting (Curzio and Croci, 
1990). 

1. 1. World production and trade 

Among edible Alliaceae species produced worldwide, garlic is the second most 
important after onion. The world average of cultivated area with garlic is approx- 
imately 1 million hectares (ha), with a 10 million tons (T) production and an 
average yield of 10 T/ha. Said production is divided in 4 world centers: Asiatic, 
European or Mediterranean, South American and North American. Production by 
geographical areas, in thousands of tons, is as follows: Asia (6,859), Europe (480), 
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Africa (272), South America (249), North and Central America (286), USSR (32) 
(Anonymous, 2001). 

As 76% of garlic production comes from underdeveloped countries, it can he said 
that poor countries make the greatest supply (garlic is a crop that requires a high 
number of labor and in those countries it is very cheap or absurdly low). 

An interesting issue is that in the United States garlic production is confined in 
California, mainly around the town of Giroy (world capital of garlic), and almost 
completely destined to obtain byproducts (Fenwick and Hanley, 1985). 

Argentina, with a production of 92.000 T, is in the sixth place among the 10 
most important world producing countries, which include, in a decreasing order, 
China, India, USA, Egypt, Spain, Argentina, Ukraine, Brazil, France and Italy. 
Our country has an average yield of 9.4 T/ha, being a 15% below world average 
yield (11 T/ha) and a 45% above average yield in South America (6.5 T/ha), con- 
tributing with the 41% of the total production of South America. It is followed by 
Brazil that, having a similar cultivated area (10.000 ha), has reached a production 
of 50,000 T with a yield of 5 T/ha. 

In Argentina, production is mainly of white garlic type (45%) and red garlic 
type (45%), and a 10% of other kinds. Fifty percent of the production goes to the 
external market, 12% to first quality seed production and 3% to the industry (Juarez 
Vanni Muller, 1997). Exportable volume is 50% of white garlic to France (25% 
for internal market and redistribution), U.S.A., Canada and Singapore, while the 
other 50% is of red garlic that it is sent to Brazil (20% for internal consumption), 
Puerto Rico and Italy (Burba, 1997a). Demand in the U.S.A. is increasing, while 
in Italy, Holland and Germany the situation is unstable. 

Garlic is the first fresh export vegetable and the incomes it generates range 
between 50 and 70 million dollars per year. In the present, there are no signifi- 
cant differences in the price average among garlic cultivars (Van Den Bosch, 1991). 
The three main producing areas in Argentina are (Burba, 1997b): 

• Cuyo Region: semi-late (white) and late (red) garlic are cultivated in irrigated 
oasis. 

• Central Region: producing early ‘pink’ and ‘paraguayo’ garlic. 

• South Region: producing late red garlic. 

The Southern region of the province of Buenos Aires - zone of influence of 
the Universidad Nacional del Sur - has a cultivated area of 650 ha and an average 
yield of 5-6 T/ha, contributing with a 5% to national production (Garcia and Rivas, 
1997). 

1.2. Bulb quality 

As far the garlic bulb quality remains associated to the different evaluation criteria 
of the members of the marketing chain, it will be easy to find a complete and 
objective definition of the term. 

The garlic criteria of quality are determined according to external factors (size, 
color, shape, lack of defects) that are very important when commercializing the 
product; and to internal factors (texture, taste, nutritional value, pungency) which 
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will be important for the consumer when deciding to buy or not the product. Most 
likely, he will decide not to buy it again if the organoleptic properties were poor. 

The loss of quality occurs when physiological and biochemical changes modify 
the composition of edible organs, which entail substantial modifications in aspect, 
taste and/or texture of the vegetable, and make it less desirable for the consumer. 
Those changes are induced by external and internal factors, most of which are 
natural: e.g. respiration. This is a normal tissue metabolic process that modifies 
the biochemical composition, mainly that of existing carbohydrates, thus changing 
the aspect and texture of the tissue. In general, moisture loss means changes in aspect 
and texture. In this way, loss of water due to transpiration - another natural process 
- results not only in the loss of bulb firmness but in a loss of the absolute value 
of the product. On the other hand, mechanical damages and those produced by 
plagues cause cuttings, peelings, breaking, etc., with an increase in transpiration and 
further changes in the general metabolism, which reacts tending to repair the damage. 
Besides, mechanical damages leave the tissues more exposed to plague attack. 

1.3. Storage and transportation 

The time elapsed between harvest, arrival to commercialization centers, purchase 
and product consumption may cause some deterioration in the product quality. 
The deterioration rate will depend on the metabolic rate, characteristic of the species 
and the organ, which in some cases can be very fast. The use of genetic improve- 
ment and, recently, of molecular biology, has generated crops able to overcome some 
problems that appear during post-harvest transport and storage, thus extending the 
period during which the products keep their quality. Nowadays, there is a high 
demand of varieties and techniques that allow the vegetable to keep its quality during 
an extended post-harvest period. This demand goes even further since consump- 
tion centers are many times far away from production ones, requiring a complex and 
long period of commercialization and transport. It also has to be added the possi- 
bility of getting a better price for the product if the storage period is extended up 
to the moment in which offer decreases and demand increases. 

The ideal time for vegetable harvest is that in which the item to be commercialized 
has the best qualities for consumption and presentation. Commercial maturity is a 
part of quality concept that can or cannot coincide with physiological maturity. In 
fact, commercial maturity is the feature required by market and may occur during 
any stage of vegetable development. In the case of the garlic bulb, it is difficult 
to speak of bulb maturation process until the physiological and/or commercial 
maturity is reached; though the right harvesting moment can be determined. The 
beginning of senescence of the garlic plant can be seen in the field when the plant 
leaves start losing firmness, bend to the soil and it is said that the plant begins to 
collapse. When approximately 50% of the leaves have lost turgor, the bulb has 
already reached its maximum size and it is getting into dormancy. Between 15 
and 20 days after, the bulbs are harvested. 

Conditioning improvements and changes in the environmental characteristics 
during transport, handling and storage, reduce losses by decreasing mechanical 
damages and the metabolic rhythm of the plant. Thus, using a modified and con- 
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trolled atmosphere positively affects the product metaholism, since normal meta- 
bolic rhythm decreases with temperature reduction, a high relative humidity reduces 
moisture loss, etc. 

There are garlic varieties, such as red, which show an excellent transportation 
and storage capacity. The firmness of the bulb and the protection given by their 
protective leaves reduce mechanical damage during transportation and weight loss 
during storage. Besides its long dormancy period allows up to 120-day storage 
after harvest with a minimum loss due to sprouting. 

1.4. Botanical description 

Garlic bulb development starts from a group of buds originated in the axils of a 
couple of foliage leaves called ‘fertile’ on an underground disc-shaped stem. The 
other foliage leaves, called ‘sterile’ because they have no axil buds, contribute 
with their blades to wrap and protect this group of buds, thus forming the bulb 
(Figure lA) (Mann, 1952). Each axil bud, which will become a ‘clove’, has a 
group of leaf primordia that, from the inside to the outside are: (a) the clove pro- 
tective leaf (Li); (b) the storage leaf (L 2 ) and main edible part; and (c) the sprout, 
in turn formed by a sprouting leaf (L3) which encases an apical meristem where 
the different leaf primordia (L4, L5, L^, etc.) of the new plant are noticed (Figure 
IB) (Kothari and Shah, 1974). These are the differentiated structures when the garlic 
bulb is harvested and has reached commercial maturity, however, it has not reached 
the physiological maturity but it remains during a period in dormancy status during 
which the development of the sprout is inhibited. 

Some days before harvest, garlic clove enters in dormancy status that effec- 





Figure 1. Garlic plant drawing. A: View of the plant base where the authentic stem can be differen- 
tiated from the false one. B: Scheme of a red garlic bulb and its parts. I: Bulb cross section. II: Clove 
longitudinal section. Ill: Clove cross section. 
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lively lasts until around 90 days after harvest, moment at which the cellular divi- 
sions in the sprout meristems are resumed (Mann and Lewis, 1956). During this 
period, the sprout development is directly inhibited by physiological causes and indi- 
rectly by mechanical reasons. Differentiation is also stopped, though there is some 
growth due, not to cellular division, but to cellular elongation, process known as 
‘apparent growth’ (Fernandez and Aparicio, 1979). About 120 days after the harvest, 
the sprout development (differentiation -i- growth) is fully reestablished. The devel- 
opment of the sprout due to the differentiation of new leaves, cell division and 
elongation, uses substances accumulated in the storage leaf as a source of nutri- 
ents. The catabolic processes going on, cause a reduction in the clove quality and 
in the mechanical resistance to the sprout growth. 

During post-harvest storage, the structure that undergoes more anatomic and 
physiological changes due to maturity process is the clove protective leaf, since 
all other clove structures are affected during dormancy process. 

Once the bulbs are harvested and during the 90 days of dormancy, the natural 
dehydration of the bulb and cloves protective leaves occurs. At the beginning of 
dormancy, the clove protective leaf has dissolved anthocyanic pigments in the 
vacuoles of the subepidermal tissue cells (Figure 2A). As the harvested bulb loses 
moisture, membrane permeability increases, the anthocyanic pigments start migrating 
to the epidermal cells with a mass flow as driving force and lignin deposition 
starts; and calcium oxalate precipitates in the vacuoles of the subepidermal cells 
(Pellegrini et al., 1998; Pellegrini, 2000). This process is supplemented by the 
collapse of the cell strata of the mesophyll and the internal epidermis of this leaf. 
The composition of the crystals so formed has been determined by means of Electron 
Dispersive Microprobe attached to the Scanning Electron Microscope (EDS), finding 
that they are polyhydrated calcium oxalate crystals (weddelite) which are identi- 
fied as Type I crystals (Figure 3A). 

Between 90 and 120 post-harvest days, the process is completed. The clove 
protective leaf has epidermal cells with thickened and lignified walls, and the mixture 
of precipitated anthocyanins in its interior (Figure 2B-C). The outermost cellular 
layer of the mesophyll has non-collapsed cells with Type I crystals inside (poly- 
hydrated calcium oxalate) and Type II crystals, made up of polyhydrated calcium 
oxalate in the periphery with monohydrated oxalate incrustations in the center (Figure 
3B) (Pellegrini et al., 1998; Pellegrini, 2000). 

Due to its mechanical resistance and to the presence of phenolic substances 
(anthocyanins and lignin) the protective leaf becomes an effective barrier against 
infestation, giving to the clove a high protective level. 

1.5. Dormancy as a physiological process and loss of quality by sprouting 
1.5.1. Dormancy 

Temperate areas are characterized by seasons with differences in weather conditions, 
especially in intensity of light, length of day, temperature and rainfall. Depending 
on these variations, there are periods in which conditions are favorable for the growth 
of certain crops and others that are not. This has determined that, owing to evolu- 
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Figure 2. Peredermal view of the clove protective leaf. A: Anthocyanic pigments in solution in the 
outer mesophyllic layer, at the beginning of dormancy. B: Precipitated anthocyanic pigments in the 
epidermal cells, at the end of dormancy. 



tion, higher plants present differences in their life cycles and requirements to 
endure unfavorable conditions, which may become extreme, such as too cold winters 
and too hot-dry summers. For instance, some higher plants stop their growth during 
winter to avoid the damage produced by freezing, and restart growth when the 
environmental conditions are appropriate. This situation, known as dormancy 
(Wareing and Phillips, 1981; Salisbury and Ross, 1994), is a state in which growth 
is temporary suspended or, at least, minimized. 

1.5.2. Types of dormancy 

In some species, growth detention is caused by unfavorable light and temperature 
conditions, in which case we face a special latency or dormancy called imposed 
or enforced dormancy (Wareing and Phillips, 1981). On the other hand, in other 
species, some organs are formed during part of summer and autumn, which will 
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Figure 3. SEM microphotograpies of crystals detected in the outer mesophyllic layer of the protec- 
tive leaf of the garlic clove. A: Type I crystal. B-C: Type II crystal. Bar: 10 |j,m. 



endure winter in a dormant state. This form of dormancy does not only occur in 
winter resting buds but in seeds, rhizomes, corms, tubers and bulbs. If these dormant 
organs just harvested are planted under favorable growth conditions (proper tem- 
perature and moisture) most of them will not resume their growth. On the other hand, 
if they are stored for some time under low temperature and moisture and then are 
planted under favorable conditions, they will restart their growth. This fact will 
confirm the assumption that the causes that determine growth suspension are not 
unfavorable external conditions but that they are within the dormant organ. If this 
is the case it is said that the organ has an innate or spontaneous dormancy (Wareing 
and Phillips, 1981). 

Dormancy of Alliaceae bulbs like onion and garlic is promoted at the end of spring 
and beginning of summer by long days associated with warm temperatures. Garlic 
bulbs have sprouts in innate dormancy that will resume development after a cold 
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and short day period several months later. This period can be shortened if the bulb 
is stored at cold temperatures. 

1.5.3. Release of dormancy 

Dormancy in some seeds and buds has light and cold requirements to restart the 
development. Thus, exposition to temperatures between 0 and 5 °C for several weeks 
breaks the dormancy of several types of buds, seeds, rhizomes and corms. As there 
are examples of dormancy induction, there are also examples of release of dormancy 
by the application of substances in an exogenous way (Wareing and Phillips, 1981). 
It is known that exogenously applied thiourea and gibberellin are capable of breaking 
the dormancy of various types of buds, seeds, tubers, etc. These similarities, added 
to the fact that hormones are responsible for many aspects of development, led people 
to think that hormones had a strong role in dormancy control, both in seed embryos 
and in buds. This hypothesis has been confirmed by the exogenous application of 
growth regulators and by the determination of endogenous hormone behavior. 
Thus, a strong correlation was established between the variation in endogenous 
hormone levels and the dormancy state of the embryo. In fact, the exogenous 
application of growth regulators such as gibberellins, cytokinins and ethylene have 
produced the release of dormancy in seeds of various species. 

1.5.4. Loss of quality by sprouting 

At the end of the dormant period, a series of physiological changes start when the 
garlic clove resumes the development of the sprout with the consequent processes 
of growth and differentiation. When the cell division restarts in the meristematic 
tissues, growth becomes evident as an increase in the length and volume of the sprout 
in which the differentiation of new leaf primordia also takes place (Pellegrini, 2000). 
At any rate, both the cell division and elongation processes occur with a high con- 
sumption of chemical compounds, which are the energy and substrate sources of 
metabolic steps. These chemical compounds get to the sprout from the tissues of 
the storage leaf where, by the action of different enzymes, the high molecular weight 
compounds are hydrolyzed and/or transformed in simpler compounds that can be 
transported to the sprout. This metabolic process produces a quick loss in the quality 
of the bulb, not only by change of appearance but by the loss in firmness and texture 
of the tissues, in weight and pungency. 

1.6. Extension of the storage period with reduction of post-harvest losses 

The most widely used methods to extend the storage period of fruit and vegeta- 
bles are those that have to do with environmental variations of the storage place. 
Thus, products are stored at low temperatures, a certain mixture of gases is main- 
tained by the removal of some (ethylene) or the increase of others (oxygen), proper 
moisture is kept to diminish moisture loss, etc. In the case of garlic bulbs these 
methods are not necessary during the dormancy period. But by the end of dormancy, 
the sprouting process starts and begins the main cause of quality loss, so it becomes 
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very important to extend the storage and marketing of the bulbs. The most common 
methods are based on the application of growth regulators such as inhibitors (see 
Section 2.1). Another method being developed now a days, is the use of ionizing 
radiation in doses that cause such a damage to meristematic tissues preventing the 
restart of mitosis without harming the cells of the storage tissues. This method- 
ology is being used in some fruits and vegetables and the gamma radiation dose 
will vary according to the size and composition of the organ under study. For more 
details on this methodology see Section 2.2. 



2. INHIBITION OF SPROUTING 

2.1. Chemical methods 

The most widespread chemical treatments to inhibit sprouting processes of dif- 
ferent vegetable products have to do with the exogenous application of certain 
compounds, which acting as growth regulators interfere with the normal develop- 
ment of the plant. These chemical products are applied before harvest to the foliage, 
to be absorbed and transported to growth places or, after harvest, directly onto the 
bulbs, tubers, etc. Next, the details will be given of the two products most frequently 
used with garlic. 

2.1.1. Maleic Hydrazide (MH) 

This is the product more frequently used to inhibit sprouting in garlic, and it is 
also applied to inhibit sprouting in other vegetables such as onion, potato and 
tobacco. Maleic hydrazide (1, 2 - dihydro - 3, 6-pyridazinedione) is a plant regu- 
lator of systemic action and it is commercially available as potassium salt with an 
80% of the active ingredient. In the case of garlic, it is applied two weeks before 
harvest, even though there is a risk of losing its effectiveness in case of rain after 
its application. The MH in solution is absorbed by the leaves and basipetally trans- 
ported to the bulb where it concentrates in the meristematic areas. The action 
mechanism by which this substance inhibits sprout development is not exactly 
known, however it is supposed that it could compete, for its structural similitude, 
with the uracil group, thus interfering in the RNA synthesis (Anonymous, 1994). 

Its effects could be considered permanent, as the MH is practically not metab- 
olized in the plant. Probably, this is one of the reasons why in many countries its 
use has been restricted and/or banned since it is considered a potential carcinogen 
(Anonymous, 1986). 

2.1.2. Propham 

Propham is a mixture of IPC (N-isopropyl phenyl carbamate) and CIP (N-3- 
clorophenyl isopropyl carbamate). The growth inhibiting action of this product is 
produced by the interference in the cell division in the meristematic centers. 
Unlike MH, this product is applied directly to the bulb once it is harvested and 
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stored. The low sprout inhibition efficiency shown by the bulbs treated with Propham 
would be, mainly, due to the scarce penetration power of the product that has to pass 
through the resistant outer scales of the bulb to reach the meristematic area. 

2.2. Physical methods 

The most common physical methods to maintain the vegetable quality during 
handling and transport have to do with a low temperature environment and the 
regulation of the composition of the gases that form the chamber atmosphere 
(Calderon and Barkai-Golan, 1990; Thompson, 1995). In the case of garlic bnlbs, 
the atmosphere (chemical) control has not proved cost-effective (Fernandez and 
Arranz, 1979). 

Recently, the use of ionizing irradiation, another physical method, has been 
proposed as a method to inhibit spronting of garlic bulbs and thus keeping their 
quality longer. 

2.2.1. Low temperatures 

Bulb conservation at low temperatures is the oldest method used by vegetable 
farmers, and the one that has given satisfactory enough results. The effects of tem- 
perature on chemical reactions are well known, so an increase of this parameter 
in a biological system will determine an increase of its biological reactions: for 
example, both maintenance metabolism and microorganisms’ activity will be 
enhanced. Considering that, by the time garlic is harvested and stored the bnlbs have 
high water content and temperature is also high, it is almost necessary to nse 
refrigeration methods to rednce respiration and/or fermentation processes that may 
occnr in the bulbs. Thus, since dnring storage the garlic bulbs produce heat and 
release volatile products, an effective ventilation system needs to be added to this 
conservation method at low temperature. 

The facilities required for this type of conservation require cold chambers and/or 
ventilated storage areas, thus entailing a large infrastructure with high mainte- 
nance costs. Consequently, this method is not profitable enough as compared to 
the commercial value of the product. 

2.2.2. Ionizing radiation 

From the viewpoint of food treatment, the irradiation process has proved to be an 
excellent method to extend the conservation period without quality reduction. 

The ionizing radiation can transfer its energy to the matter by the collision with 
its atoms, with the consequent ejection of electrons or protons to a higher ener- 
getic level. When ionizing radiation enters a given medinm, the portion of energy 
absorbed by that medinm is called absorbed dose, and its measnre nnit is the gray 
(Gy), equivalent to the absorption of 1 Joule.kg“k The energy dose absorbed by time 
unit is called the dose rate. 

Only three kinds of ionizing radiations are considered suitable for food 
irradiation purposes. The Joint Expert Committee on Irradiated Foods of the 
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FAO/IAEA/WHO considers appropriate the use of the following ionizing radia- 
tions (Diehl, 1990): 

• gamma rays coming from ^“Co or '^’Cs 

• X-rays coming from machines operating below 5 MeV 

• electron beams from machines operating below 10 MeV 

The use of electrons or X-rays of high energy can turn the food radioactive. 

The ionizing radiation source most frequently used is gamma radiation coming 
from the nuclear disintegration of radioactive elements such as ®°Co and '^’Cs. 
The use of “Co is more frequent since it is not a fission product, while ^^’Cs avail- 
ability is limited by the fact that there are very few plants of nuclear waste 
reprocessing. Some advantages of ^°Co are: (a) that it is artificially produced in a 
nuclear reactor by neutron bombardment of ^®Co; (b) that it has a radioactive self- 
life semi-disintegration period of 5,3 years, which is technologically convenient; 
c) that it emits highly energetic gamma rays (1.17 and 1.33 MeV); and, d) that 
the chemical form used as source is non-soluble thus implying a very low risk of 
environmental contamination. The other source, ^^’Cs, is a byproduct of nuclear 
reactors with a radioactive self-life semi-disintegration period of 30 years and a 
gamma ray of lower energy. 

The X-rays are generated by bombardment of heavy metals, such as tungsten 
and molybdenum, with high-speed electrons in a vacuum tube. In the process of 
collision the heavy metal electrons are excited or completely removed from the 
atoms. The radiation emitted appears as characteristic X-rays specific of the bom- 
barded element. 

On the other hand, electron beams are produced by linear accelerators or are 
emitted as cathode rays from the cathode of a vacuum tube to which an electric 
power is applied. 

When X or gamma rays collide with matter, three kinds of interactions can take 
place: photoelectric effect, pair production or Compton effect. Photoelectric absorp- 
tion occurs largely with protons of energies below 0.1 MeV and pair production 
primarily with photons of energies above 10 Mev. Both are of minor importance 
in food irradiation where Compton effects predominate (Diehl, 1990). On the other 
hand, in the interaction between food and electron beams, ionization and molec- 
ular excitation predominate. 

2.2.2. 1. Interaction with matter 

From the chemical point of view, gamma irradiation interacts, both directly and indi- 
rectly, with macromolecules in an aqueous mean where a range of chemical reactions 
is produced: degradation, oxidation, etc. In this way, for example, a direct chemical 
reaction occurs when a protein molecule absorbs a gamma ray and an electron is 
ejected from that molecule. This causes one of the carbon atoms of the protein remain 
with a non-paired electron, thus turning the molecule into a highly reactive one (free 
radical). An example of indirect chemical reaction results from the reaction between 
a protein chain and a hydroxyl radical resulting from the water radiolysis; it is by 
the interaction between a gamma radiation and a water molecule (Diehl, 1990). 
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2. 2. 2. 2. Effects on living systems 

The effect produced by the exposition of a biologic tissue to a radiation source 
depends on many factors: 

• The radiation energy. It is measured in eV (electron Volt). The eV energy is equiv- 
alent to the kinetic energy acquired by the electron when it is accelerated by a 
power differential of one volt. 

• The radiation penetration. Gamma rays are very penetrating and according to their 
energy, even those coming from an external sonrce, can cause modifications deep 
into a tissue. 

• Total absorbed dose. The dose absorbed by a certain tissne volume is equal to 
multiplying the dose rate by the irradiation time. The dose rate depends on the 
gamma rays energy and the sonrce power. 

• The type of tissue. In general, the effect depends on the tissue development status 
and the mitotic activity of its cells. Evidently, the apical meristem will be much 
more affected than a completely differentiated reserve tissue. 

• The area or volume of the tissue. The smaller the tissue area or volume exposed 
to irradiation, the smaller the effect that a certain irradiation dose produces to 
the whole tissue. 

The gamma irradiation effects on living systems have been observed and 
measured, but due to the complexity of the systems there is no single explanation 
for every phenomenon on every system. Among the diverse theories that can explain 
many of the experimental data, there are three that merit being quoted: 

Target theory 

Target theory predicts that the smaller the volume of the target (vital center), the 
higher the dose required for its inactivation and vice versa. Thns, when a group 
of simple organisms, for example bacteria, is irradiated with gamma rays, it can 
be noticed that the number of surviving bacteria decreases logarithmically as a 
function of the dose and is independent of the dose rate. If the irradiated organism 
is more complex than bacteria, the logarithmic function becomes a sigmoid curve 
since a target has to absorb more than one radiation to be inactivated or more than 
one target has to absorb radiation for inactivation to take place. Therefore, it can 
be said that in the case of a complex organism, the dose will be determined by 
volume. 

Diffusion theory 

This theory predicts that, as living organisms are made np of about 80% of water, 
it has to be assumed that the greatest amount of radiation will interact with water 
and that only a small proportion of the dose absorbed will interact with a vital center 
(target). Thus, the effects will be a product of the indirect reactions, since the 
compounds originated (free radicals, peroxides, etc.) due to the absorption of ionizing 
radiation by water molecules are those that, upon diffusion inside the cells, react 
with the vital centers. 
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Combined theory 

It is based on the fact that to inactivate a dehydrated biological molecule, the dose 
required is higher than the dose required for its inactivation when it is in aqueous 
solution, thus showing the importance of the diffusion theory. In this way, it has 
been proposed to combine both theories (target and diffusion) assuming that the 
molecule is a sphere surrounded by a water layer whose thickness corresponds to 
the average distance at which the formed radical spreads prior to its inactivation. 
This means that it is the radical produced inside that layer that will react with the 
molecule. 

The most important vital centers or targets in the living organism cells are in 
the nucleus and in the plastids, where the most important metabolic processes take 
place (chloroplasts, mitochondria, etc). Inside these membrane-surrounded organelles 
there are macromolecules in solution such as DNA, RNA, enzymatic proteins, etc. 
The sum of their volume plus the volume of the water layer that surrounds them 
configures the target total volume. Thus, in an apical meristem with cells actively 
dividing, almost its total volume will be target. On the other hand, in a differenti- 
ated cell, with big vacuoles and primary and/or secondary walls, the target volume 
will be very small. Therefore, both meristematic and apical developing tissues will 
be damaged by gamma irradiation with a smaller dose than required to achieve 
the same effect in a differentiated tissue. 

The effects observed as a result of gamma rays absorption will depend funda- 
mentally on the dose and the dose rate of irradiation and the volume and type of 
target. If the damage to the mitotic system is significant, cell division will be inter- 
rupted and damage will also extend, by indirect chemical reactions, to the cell 
membrane system thus causing a total disruption that will lead to the cell death. 
On the other hand, if the damage caused to the genetic system is slight and some 
repair mechanisms can act, the damage will be expressed as changes in the normal 
anatomy and morphology, once the organ completes its development (Figure 4) 
(Levitt, 1973). 



3. IRRADIATION TECHNOLOGY 

In previous research at pilot scale with red garlic, it was established that a low 
dose of 50 Gy of “Co gamma rays applied to garlic bulbs around 40 days after 
harvest (when garlic is in dormancy) is enough to inhibit sprouting (Croci and 
Curzio, 1983; Curzio and Croci, 1988; Croci, 1988). These researches have proved 
that the benefit of the sprouting radioinhibition process was translated into a finan- 
cial profit, since storage time and ready-to-be-commercialized bulbs increased. 
This benefit can be particularly important if storage time can be prolonged enough 
so that it coincides with the season when this crop is not normally available in 
the market (Table 1). 

On the other hand, and by means of the experts panel methodology, it was 
determined that the irradiated bulbs of the cultivar under study, maintain their 
organoleptic qualities until the tenth month of storage, while the non-irradiated 
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Figure 4. Garlic plants developed from treated (10 Gy) and non-treated cloves. 



Table 1. Percentage of marketable bulbs with untrimmed tails stored at -4 °C to +22 °C (R.H. 
40-90%) 



Days post-harvest 


Treatment 


% Marketable 


% Sprouting 


%Rotting 


180 


Control 


91.4 + 3.9 


3.2 + 


2.9 


5.3 + 3.5 




50 Gy 


95.9 + 2.5 


0.0 




6.1 + 2.4 


210 


Control 


20.1 + 6.5 


70.6 + 


7.9 


5.9 + 2.7 




50 Gy 


92.4 + 7.0 


0.0 




7.6 + 6.9 


240 


Control 


19.4 + 7.3 


71.7 + 


8.9 


5.0 + 2.5 




50 Gy 


94.9 + 2.5 


0.0 




9.4 + 2.5 


270 


Control 


16.9 + 10.6 


45.7 + 


4.4 


37.3 + 9.7 




50 Gy 


89.0 + 2.7 


0.0 




11.0 + 2.7 


300 


Control 


8.8 + 6.9 


38.7 + 


6.2 


62.2 + 7.9 




50 Gy 


67.1 + 8.2 


0.0 




32.7 + 5.7 



ones show a considerable deterioration of these qualities as from the sixth month 
of storage (Curzio and Urioste, 1994). 

In our case, low dose means an exposition of the vegetal material to doses 
of about 50 Gy, being this ionizing energy enough to produce certain biological 
modifications that inhibit the apical buds development but not enough changes to 
damage the viability of the tissue treated. In this way, the cells of the storage 
tissues of the cloves that form the garlic bulb continue their normal metabolism, 
keeping their quality throughout a longer storage period. 

The accurate dose of 50 Gy resulted from experiments made to find an irradia- 
tion dose and an application time appropriate to achieve a considerable delay in 
the sprout development without producing detrimental effects on the edible quality 
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of the tissues treated. During these experiments, and in order to gain a better 
understanding and managing of the irradiation technology, it was necessary to 
study morphological, biochemical and physiological changes produced in the clove 
as a consequence of being irradiated with a dose able to inhibit sprouting. 

It is important to point out that, when the bulb is irradiated with commercial doses, 
in addition to sprout development inhibition, there is a change in the rhythm at which 
certain processes occur, that can produce an extra benefit. In fact, when sprouting 
inhibition is obtained as the main result after irradiating the bulb, there would also 
be an inhibition of the catabolic processes that normally take place in the storage 
leaf in parallel with sprouting and, as a consequence, the commercial life of the bulb 
would be prolonged. Thus, an extra benefit is obtained due to the acceleration of 
the drying of the protective leaves since they act as a barrier against water loss 
from the inner tissues, reducing the bulb weight loss (Croci, 1988) (Table 2). 

3.1. Legislation 

It is world wide accepted that good manufacturing practices (GMP) involve prin- 
ciples that have to be put in practice since they combine several characteristics 
required to achieve an optimum quality product. The technological development 
of nuclear industry enabled the use of ionizing irradiation to treat commercially 
different kinds of products, among them the edible ones. This possibility established 
some modifications to the GMP, for this reason good irradiation practices (GIP) 
are now one of the elements of the GMP having to do especially with aspects of 
food processing with ionizing irradiation (Ehlermann, 1996). The authorities have 
to protect public health and consequently, it is indispensable to rule the dose rates 
in food processing. 

In 1983, the Joint FAOAVHO Codex Alimentarius Commission adopted a General 
Standard for Irradiated Foods and a Recommended International Code of Practice 
for the operation of radiation facilities used for the treatment of food. The Joint 
Expert Committee’s conclusions concerning the safety of any food irradiated with 
an overall average dose or up to 10 kGy have been fully adopted by the Codex 
Alimentarius Commission. At present, more than forty countries have ruled the 
use of ionizing radiation for food treatment, even for some applications, they have 



Table 2. Cumulative percentage of physiological weight losses (g) in garlic bulbs with untrimmed 
tails, stored from -4 °C to 22 °C (R.H. 40-90%). 



Days post-harvest 


Control 


50 Gy 


90 


2.0 + 0.3 


1.0 + 0.7 


120 


3.0 + 0.5 


2.0 + 1.4 


150 


5.0 + 0.8 


4.0 + 0.4 


180 


8.0 + 0.7 


6.0 + 0.8 


210 


10.0 + 1.2 


8.0 + 0.6 


240 


18.0 + 2.0 


10.0 + 1.2 


270 


30.0 + 3.7 


14.0 + 1.6 


300 


50.0 + 6.0 


27.0 + 3.0 
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extended this dose limit to 30 and 45 kGy. A list of clearances, by country including 
maximum doses allowed by each, has been published by the IAEA (Anonymous, 
1998). 

As regards fresh garlic bulbs, currently sprouting radioinhibition is ruled in 20 
countries, with doses between 0.08 and 0.20 kGy (Table 3). The United Kingdom 
rules it under bulb and tubers items with a maximum dose of 1 kGy. Also, dehy- 
drated garlic treatment for disinfection and microbial control is ruled in Brazil, Egypt 
and South Africa with doses of 10 kGy, while the same dose is accepted for micro- 
bial control in garlic pasta in South Africa. 

3.2. Growth and harvest of the garlic hulhs 

The garlic bulbs used in all the experiments made were harvested from cultivated 
irrigated fields in Medanos, Buenos Aires province, Argentina. The soil is sandy 
loam with pH 6.5, low organic matter content (0.8%) and about 5 ppm of avail- 
able phosphorus. The environment is semi-desert with an annual average rainfall 
below 600 mm, mainly occurring at the beginning of autumn (March-April) and 
at the beginning of spring (September-October) with periods of scarce rain in 
summer and winter. The crop and harvest system detailed in the next paragraphs 
was that used by the local producers. 

At the beginning of April, garlic clove-seeds. Allium sativum red var. virus free, 
calibrated with screens and treated with fungicide are manually planted in two 
rows by rippling, with a distance of 0.30 m between rows, at 0.07-0.08 m deep 
and a distance between cloves of 0.10 m (250,000 plants. ha“^ density). The distance 
between irrigation furrows was 0.80 m and the average height of the ridges was 0.20 
m. Irrigation by furrow is made between August and November, with a layer of 
water enough to restore around 75% of the potential evaporation. Before seeding, 
diammonium phosphate (18^6-0) was scattered and incorporated. After emergency, 
at 90 and 120 days, 300 kg ha“' of urea in divided doses were applied to the edge 
of each furrow. 

In general, during winter (low rainfall) there is no weed competition, however 



Table 3. Countries that rule ionizing radiation use to control garlic bulb sprouting. Type of Clearance: 
Unconditional (U); Conditional (C) Data from IAEA - (1998). 



Country 


Dose Max (kGy) 


Country 


Dose Max (kGy) 


Argentina (U) 


0.15 


Italy (U) 


0.15 


Belgium (C) 


0.15 


Korea (U) 


0.15 


Brazil (U) 


0.15 


Mexico (U) 


0.20 


China (U) 


0.10 


Pakistan (U) 


0.20 


Croatia (U) 


0.50 


Philippines (C) 


0.10 


Cuba (U) 


0.08 


Poland (U) 


0.15 


France (U) 


0.15 


Thailand (U) 


0.15 


Ghana (U) 


0.20 


Turkey (U) 


0.20 


India (U) 


0.15 


Viet Nam (C) 


0.10 


Indonesia (U) 


0.15 


Yugoslavia (U) 


0.10 
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a pre-emergence herbicide is applied (linuron 1 kg a.i. ha“'). The most common 
winter weeds are the yellow star thistle {Centaurea solstitialis), the field bromegrass 
(Rapistrum rugosum) and the knotweed {Polygonum aviculare). On the other hand, 
in spring, competence with weeds is mainly due to quinoa (Chenopodium album), 
‘morenita’ {Kochia scoparia), turnip {Brassica campestris), purslane (Portulaca 
oleracea), ‘cardo ruso’ {Salsola kali) which may have a considerable growth and 
density. Its control is first made with the early application of a post-emergence 
product (bromoxynil 0.75 L a.i.ha“^ in August) and then with three manual weedings 
between September and November. 

The harvest time determination is made visually and corresponds to the moment 
when most of the leaves are bent and show an advanced yellow color. Harvest 
starts at the beginning of December, first passing a bar along the edge of the ridge 
to remove the bulb. Then the bulbs are manually collected and arranged in rows 
so that the leaves cover the bulbs to avoid direct solar radiation over them (process 
known as ‘curing’). Thus, the plants extracted are left between 6 and 7 days in 
the field with maximum temperatures between 30 and 32 °C and environmental 
relative humidity below 60% average. 

3.3. Conditioning of the garlic bulbs during the pre-irradiation storage 

After harvest, plants are taken to sheds where they stay stored and stacked between 
18 to 20 days. By the end of the period elapsed since harvest (25-27 days) there 
is a sudden loss of weight due to dehydration, so the false stem considerably reduces 
its size to the height of the neck, and the leaves show a flexible aspect and a brownish 
color with no stains. The bulbs are preconditioned, starting with the leaves cutting 
above the neck and, next, the roots of the bulb are extracted. The bulbs to be irra- 
diated, in dormancy, are chosen according to their diameter and have to be mature, 
firm and heavy for their size. Lighter bulbs have either lost too much moisture or 
have decayed and are unsuitable for irradiation. These bulbs are placed in wooden 
boxes, or bags made of wide-meshed natural or synthetic material, stored in aerated 
pallet- sized boxes and kept until the irradiation moment under conditions of about 
15 °C environmental temperature and 60% of relative humidity. Temperature during 
storage should be chosen to prevent the development of roots and browning of 
inner buds. In the case of bulbs, storage at mild temperatures (e.g. 15-20 °C) and 
low relative humidity will be satisfactory, at the expense of an increase in weight 
loss. 

In order to avoid damage, the garlic bulbs are hold and transported in the same 
containers to the irradiation facility. The same bags or sacks are used during the irra- 
diation process. In the same instance, the irradiation facility may have been built 
so as to require no containers for irradiation and, instead, to enable continuous 
irradiation of the crops (e.g. bulbs passing through radiation source by means of 
gravity flow) (Matsuyama and Umeda, 1983). 

Previous results (see Section 2.2.2.) indicate that garlic must be irradiated, in 
order to inhibit sprouting, before the break of the dormancy period. The length of 
the dormancy period changes as a function of garlic variety and the temperature after 
harvest. In general, the harvested garlic bulbs should not be held very long before 
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irradiation. As a rule of thumb, irradiation within one to two months after harvest 
may result in maximum sprout inhibition. 

3.4. Irradiation 

As it was previously said, according to the Standard Code, the ionizing radiation 
to be used for food irradiation is limited to the following (see Section 2.2.2): gamma 
rays coming from “Co or '^’Cs sources, machine generated X rays with an energy 
below 5 MeV and machine generated electron beams with an energy below 10 
MeV. 

The facilities with this kind of features are found in many countries and are mainly 
used for sterilizing treatments, but they can be adequate for food irradiation with 
much lower doses. 

In the case of the garlic bulbs, the irradiation dose absorbed required to have a 
product that keeps its quality throughout a longer storage period is 60 Gy. This value 
is controlled during the irradiation process with a dosimeter carried out by means 
of standard procedures (for example ASTM Standard E 1261). The irradiation 
dose absorbed is the most important parameter to be controlled. In consequence, and 
as once the garlic bulbs are irradiated cannot be visually differentiated from the non- 
irradiated ones, certain precautions must be taken to avoid confusions and prevent 
re-irradiation, which is not allowed. A common practice is the use of physical barriers 
in the irradiation site so that the products are separated. Another is to use some 
labeling system. 

It is worth noting that the required dose of 60 Gy we recommended for garlic 
sprouting radioinhibition is for the cases when treatment is made between 30 and 
40 days after harvest (Curzio and Croci, 1983), i.e. when the bulb is dormant. It 
is not advisable to irradiate immediately after the bulb is extracted from the soil, 
i.e. before curing. In this condition, the possibilities of having a higher number of 
decayed bulbs during storage increases. The suggested doses that can be found in 
the bibliography fluctuate between 40 and 60 Gy, even though there is coinci- 
dence regarding the recommendation of irradiating between 30 and 40 days after 
harvest (Croci, 1988). 

If garlic is irradiated later, higher doses may be required, especially if the bulb 
has broken dormancy and growth has already been established and, consequently, 
the target volume is bigger. 

3.5. Post-irradiation storage and commercialization 

Irradiated garlic bulbs can be stored with very good results, in aerated environ- 
ments during 8 to 9 months at a temperature of 0 °C and from 6 to 7 months at 
10-11 °C, with 80/90% of relative humidity (Table 2). Higher temperatures are 
not advisable during storage since higher losses are recorded. Quality losses during 
irradiated bulb storage are not due to sprouting but to decay and dehydration. 

To meet the recommendations of the Codex General Standard for Irradiated Foods 
(Anonymous, 1998) the irradiated bulbs should bear a label showing the treatment 
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applied. The disposition to accomplish these recommendations depends on each 
country. An internationally recognized symbol was designed in Holland and it 
consists of a solid circle, representing the source energy, two petals meaning food 
and the four outer breaks that describe the rays coming from the energy source 
(Figure 5). 

The worldwide adoption of this technology is not only indispensable to have a 
law that approves and rules its commercialization, but also to have the consuming 
public acceptance of the irradiated food, which is a critical aspect. Some research 
made by the group showed that the public gave favorable opinions about the qual- 
ities of the irradiated product and also showed interest in buying again the same 
if they were offered to do so (Urioste et al., 1990). 

In order to make irradiated food commercialization easier, the regulating author- 
ities of all the countries are interested in having reliable methods not only to 
identify irradiated food (Anonymous, 1989) but to make possible the control of 
the fulfillment of the existing practice codes. In this sense, there were remarkable 
breakthroughs in the field of the detection of food that due to its nature requires high 
irradiation doses. Thus, dehydrated spices and vegetables decontaminated by irra- 
diation can be detected by the thermal luminescence of their isolated minerals 
(Ehlermann, 1996). 

On the other hand, detection is difficult in the case of plant organs irradiated 
with a low dose but enough to inhibit sprouting. Part of the difficulty to find adequate 
methods is that those organs have a high water content in their tissues and that 
the low doses used in the radioinhibition process do not produce the effects above 
mentioned. However, some biological tests have been used with irradiated tubers 
but they are not concluding since the changes measured are not irradiation specific 
(Hammerton, 1996). 

From a commercial point of view and due to international regulations, it is then 
important to establish, by means of a simple and quick methodology, if the garlic 
bulbs for human consumption have undergone ionizing irradiation. At present, said 
methodology is not available but the results described in this work allow pointing 
out some parameters, in different post-harvest stages, to be evaluated as indica- 
tors of the garlic bulbs having undergone the radioinhibition process. 




Figure 5. International logo for irradiated food. 
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4. IDENTIFICATION OF GARLIC BULBS TREATED 
WITH GAMMA RADIATION 

The purpose of the study of garlic bulbs that have undergone the radioinhibition 
treatment is to find the indicators that can be easily and unmistakably related to 
the application of this treatment. These signs can be established if the description 
of the non-irradiated cells, tissues and organs is available. Particularly, attention 
is centered on the organs with little differentiated tissues (the sprout as a whole 
and the clove protective leaf), which continue developing after the bulb harvest 
and during storage, and are more susceptible to the gamma radiation effects (see 
Section 1.4). Thus, only when both the original material and the irradiated one 
have been studied, it will be possible to set the differences that will be used as 
indicators for the radioinhibition treatment. 

4.1. Morphological changes induced hy irradiation treatment 

The application of commercial doses (60 Gy) of gamma rays to garlic bulb produces 
a big variety of effects. Some can be perceived at simple sight (macroscopic) and 
some others can only be detected under specific study techniques (microscopic). 

4.1.1. Microscopical changes 

The study of the crystals detected in clove protective leaves subjected to radioin- 
hibition treatment, showed differences as regards their shape and composition, as 
compared to the crystals detected in non-treated material. 

Thus, the crystals observed in the cloves protective leaves of just irradiated 
bulbs (about 40 days after harvest) showed Type II crystals, while in the control 
material these were Type I. The evolution of said crystals continued during the 
storage time, an about 180 days after harvest, a new form of crystals was noticed, 
called Type III, and that were only detected in the irradiated material (Pellegrini, 
2000). This Type III crystals are completely formed by intermix styloids that make 
it appear as a druse (Figure 6). The elemental analysis with the electron micro- 
probe states that they are monohydrated calcium oxalate crystals (wewelite) 
(Pellegrini, 2000). 

The modifications in anthocyanin transportation can be considered as indica- 
tors of the irradiation treatment, since it was noticed, in the treated material, an 
acceleration of the migration rate of pigment to the epidermis as well as a higher 
concentration thereof. In the same way, a strong lignification was noticed in the 
cell walls of the epidermal tissue of the irradiated material even before the pigment 
migration was completed (Figure 7) (Pellegrini, 2000). 

It is important to note that part of the above processes described occurred simul- 
taneously and have, as common denominator, the dehydration of the clove protective 
leaf tissues. Water transport from interior cells and its loss by transpiration deter- 
mine the physical and chemical conditions that allow: (a) transport by mass flow 
of pigments and their further precipitation; and (b) the precipitation of salts and 
the formation of the different crystals above described. The increase of water loss 





Figure 7. Paradermal view of the irradiated clove protective leaf where dense clots of the antho- 
cyanic pigments have just migrated to this cellular layer. Bar: 10 |J.m. 



rate due to the irradiation process alters pigment transportation and reduces 
significantly the formation and evolution time of the crystals. This is one of the main 
criteria proposed to identify irradiated bulbs. 

On the other hand, sprouting leaf (L3) is another structure that shows the effects 
of the irradiation treatment. Even though the material studied showed no alter- 
ations in its anatomic structure during dormancy, as from the 120 days after harvest 
a high plasmolysis degree could be noticed both in the epidermal cells as in the 
parenchymatic cells of the mesophyll, showing hydrolysable tannins in their interior 
and in a higher concentration in the cells of the sheaths of the vascular bundles. This 
cellular plasmolysis became evident in the high turgency loss of this leaf and in 
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its incipient brownish yellow color by the end of the storage period (180 days 
post harvest) (Pellegrini, 2000). 

The effects of irradiation treatment were reliably proved with the cytologic 
study of the stem meristematic tissue. While the bulbs were in dormancy, no dif- 
ferences were detected between the nuclear morphology of the cells from treated 
and non-treated bulbs. As from 90 post harvest days (release of dormancy) the 
differences became evident (Figure 8A-B), starting with an important change in size 
and in the nucleus shape and in the absence of mitotic divisions, increasingly more 
in the non-treated material. As post harvest time elapsed, tissue disruption signs were 
greater, with nuclei fragmentation, formation of micronuclei and all kind of chro- 
mosome aberrations and cell hypertrophies (Figure 8C-D). At 120 post harvest days, 
meristematic tissue disruption was so high that it could be asserted that the damage 
produced by irradiation was irreversible, unavoidably causing the meristem death 
(Figure 8E-F) (Pellegrini, 2000; Pellegrini et ah, 2000a). 

4.1.2. Macroscopical changes 

As it was pointed out before, some quality criteria for garlic bulbs are related to 
appearance, pungency, size and sanitary state. The color of the protective leaf of 
each clove becomes another important criterion in red cultivars. The anatomical 
study showed a higher anthocyanin precipitation and a stronger sclerification of 
the outer epidermal cells of irradiated cloves as compared to non-treated ones. These 
characteristics observed in irradiated cloves were maintained during all the post 
harvest storage, while non-irradiated cloves showed, after 120 days post harvest, 
a rapid fading of the reddish color (Figure 9). So, it can be stated that irradiation 
treatment enhances some visual quality criteria: color and brightness (Pellegrini et 
ah, 2001). 

On the other hand, the inhibition of mitosis caused because of the disorganiza- 
tion of the nuclear material in the apical meristematic cells coming from irradiated 
bulbs, has a direct consequence on the sprout development. In fact, when garlic bulbs 
are harvested and start dormancy, only 3 to 4 leaf primordia have differentiated in 
the apical meristem. As from dormancy release (90 days after harvest) the apical 
meristem resumes its activity and new primordia are differentiated. However, in 
the irradiated bulbs, this meristematic activity cannot be reestablished due to the 
irreversible damage that the nuclear material has suffered, and therefore, no new pri- 
mordia can differentiate (Table 4) (Pellegrini, 2000; Pellegrini et ah, 2000b). 

Burba et al. (1983) proposed an index with which the garlic optimal seeding 
and fast emergence of garlic cloves can be estimated. This index, called Dormancy 
overcoming Visual Index (DVI) represents the percentage ratio between sprout length 
and storage leaf length. This index has been applied throughout the storage period 
to radioinhibited and non irradiated bulbs to detect the treatment, and has given 
positive results as from the sprouting stage, but it has not been sensitive enough 
as to find differences during dormancy (Table 4) (Pellegrini et ah, 1995, 2000a). 

In this sense, a variant of the DVI was proposed, called Naked Sprout 
Development Index (NSDI), based on percentage ratio of the naked sprout length 
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Figure 8. Apical meristematic cells from treated (right) and non treated (left) cloves. A-B: at the 
end of dormancy (90 days after harvest); C-D: Cellular detail at the beginning of sprouting; E-F: at 
120 days post-harvest. A, B, E, F Bar: 10 )lm; C-D: 5 )lm- 



(without sprouting leaf) and the storage leaf length (Pellegrini et ah, 2000; Pellegrini, 
2000a). The application of this index could detect differences, between treated 
and non-irradiated samples, in the development of the naked sprouts during 
dormancy and made deeper those found with the DVI as from the sprouting stage 
(90-120 days after harvest), being conclusive by the end of the storage period 
(Table 4). 

At the same time, color and pungency of the sprouts allows differentiation 
between irradiated and non-irradiated ones as from 120 days after harvest, since 
the treated ones look brownish and senescent while the control ones look fresh 
and turgid (Pellegrini et ah, 2000b). 
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Figure 9. Visual differences between treated and non-treated cloves. 



Table 4. Evolution of DVI, NSDI and the number of leaf primordial, in control and irradiated 
(60 Gy) garlic bulbs, during the post-harvest storage period. Each value represents the mean of 30 
repetitions. Treatments with different letters are statistically significant at p < 0.05. 



Days 

post-harvest 


DVI 




NSDI 




No. leaf primordia 


Control 


Irradiated 


Control 


Irradiated 


Control 


Irradiated 


0 


14 a 


14 a 


9 a 


8.6 a 


5 


5 


45 


20 a 


15 a 


15 a 


9.5 a 


5 


5 


90 


25 a 


20 a 


20 a 


10.5 a 


5 


5 


120 


55 a 


40 a 


45 a 


11.3 b 


7 


5 


180 


98 a 


51 b 


97 a 


11.5 b 


12 


5 


240 


100 a 


58 b 


100 a 


12 b 


14 


5 



4.2. Physiological changes induced hy gamma irradiation 

Histological and anatomic observations have confirmed that sprouting inhibition, 
which takes place in the sprouts from irradiated bulbs with gamma rays commer- 
cial doses (60 Gy), is associated to the lack of mitotic divisions in the apical 
meristematic cells. In the same way, the irradiated material shows a higher con- 
centration of phenolic substances, which is noticed in the premature differentiation 
of the conducting tissues (Croci, 1988), in the lignification increase and in a higher 
concentration of anthocyanic pigments in the clove protective leaf, and the accu- 
mulation of tannins in the sprouting leaf (Pellegrini, 2000). These facts can be 
directly related to the irradiation treatment since it is well known that ionizing 
radiations increase hydroxicoumarine synthesis, precursory of phenolic substances 
(Diehl, 1990). These results have been included in an interpretative model of garlic 
radioinhibition related to the senescence physiological mechanism (Croci, 1988). 
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It is well known that the dose and the time of application of gamma rays become 
important to understand the effects they produce on bulbs (Giinkel and Sparrow, 
1961). From the commercial point of view, it is important to have an extended period 
of time for the application of the irradiation treatment because it allows some 
freedom in the post harvest management of bulbs. 

Some research made with red garlic bulbs showed that the application of high 
doses of gamma rays (30, 60, 90 and 150 Gy) in dormancy (30 days post harvest) 
and post dormancy (120 days post harvest) caused the total inhibition of sprouting 
in stored and sown bulbs. On the other hand, low doses of gamma rays (2, 5 and 
10 Gy) applied in dormancy and post dormancy, had no effects on sprouting in stored 
bulbs. But seed cloves irradiated with 10 Gy in post dormancy and sown in green- 
house conditions, reduced sprouting in more than 50% and developed into plants 
that showed deep morphological differences with normal ones (few and short roots, 
few and weak leaves, abnormal bulbils) (Figure 6) (Pellegrini et ah, 2000b). 

Upon determination of the incidence of gamma rays acute doses and the 
physiological status of the material to be irradiated, the results drove us to assume 
that the auxins would be involved in the sprouting radioinhibition phenomena (Croci 
et al., 1994). This hypothesis was partially proved since, in vitro conditions, indol 
acetic acid (lAA) and, in a lower degree, gibberelin G3A, revert growth inhibition 
of the explants as regards length (Figure 10) (Croci et al., 1990, Pellegrini et al., 
2000b). 

4.3. Biochemical changes 

It is important to notice that irradiation treatment does not alter the chemical and 
sensorial quality of bulbs. The evaluations made by our work group during critical 
periods, showed that, the bulbs treated with ionizing radiations have a higher content 
of vitamin C and also, it was found that irradiation induces an increase in the 




□ Control 

□ 10 Gy 



Figure 10. Effects of exogenous growth regulators on the growth of sprouts treated with 10 Gy in 
post dormancy and without treatment. Values represent the mean increment (in cm) of the length of 
20 explants after 15 days of growth. 
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Table 5. Enzymatic piruvate content (|Xmoles/g of dry weight) in irradiated and control garlic bulbs. 



Days post harvest 


Control 


50 Gy 


210 


233 + 7.1 


228 + 6.6 


240 


237 + 8.4 


228 + 13.8 


270 


214 + 2.4 


231 + 3.0 



enzymatic piruvate content or flavour strength (Table 5) (Curzio and Croci, 
1986). 

The study of the behavior of peroxidase activity during post irradiation time 
allowed the determination that the major modifications take place in the sprout. 
In fact, though no modifications were found in the cathodic iso-enzymes, the 
presence of 11 new anodic ones was found 25 days after treatment (Croci et ah, 
1991). The possibility that these modifications were a consequence of the damage 
caused by irradiation to fundamental macromolecules, led us to determine that in 
radioinhibited garlic, DNA concentration and behavior changed considerably, while 
RNA showed no variations (Croci, 1988, Croci et ah, 1994). These results added 
to those found in the proteins and carbohydrates behavior study, led to the proposal 
that irradiation-inhibiting action would be related to its effect on nucleic acid and 
protein synthesis (Croci et ah, 1994). 

On another hand, the possibility that radioinhibition could be associated to the 
physiological phenomena of induced senility (Croci, 1988), oriented part of the study 
to the determination of the gamma radiation effects on the properties of the mem- 
branes of the storage tissue. Presently, work is being carried out to verify if the 
senescence delay, in the storage leaf of irradiated garlic, is concomitant with a lower 
lipid proportion in gel phase in the microsomal membranes of this tissue (Perez et 
ah, 1994). 

In relation with the study of the mechanisms involved in garlic sprout growth that 
could be affected by irradiation treatment, it is important to remark that, in dormancy, 
the concentration of nitrogenated substances, of the type of polyamines, is very 
high. Even though this is an issue still under study, it was found that polyamines 
accumulate to a concentration of about 200 mmoles g“' of fresh weight (FW), 
50-60 days after harvest. Since then, it decreases until similar levels to those found 
in tissues with mitotic activity (about 10-20 mmoles g“' FW) (Bagni, 1989). The 
radioinhibition treatment affects polyamines metabolism in such an extent that no 
accumulation occurs in treated sprouts (Parolo et ah, 1994). These results suggest 
that high polyamine concentration, during dormancy, could act as an inhibitor or, 
at least, as a reservoir of an excess of reduced nitrogen. This fact is being consid- 
ered in order to verify if high polyamine concentrations are associated to dormancy 
conditions as well as polyamine presence in much lower concentrations are related, 
for example to differentiation and citocinesis (Kumar et ah, 1997). 
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5. CONCLUDING REMARKS 

It has to be clearly pointed out that the results stated in this work refer to cv. Red 
studied and would no necessarily be applicable to other cultivars. 

The presence of phenolic substances (lignine and pigments) in the studied material 
is evidence that, both mechanically and chemical, the cloves protective leaf is 
functional as protective barrier. This could represent an evolutive strategy in this 
garlic variety, since pink cultivars are late as compared to white ones, possibly being 
more resistant to pathogen attack and protecting in turn the storage leaf from an 
excessive water loss. 

It is important to emphasize the effect of irradiation treatment on drying accel- 
eration of the clove protective leaves, which are in the middle of the maturing process 
when the bulbs are irradiated. Considering that one of the primary effects of ionizing 
radiation is water radiolysis and, as a consequence, the formation of several highly 
oxidant ionic species, it is deduced that pH from the intracellular medium has 
changed to acidity. This favors oxidizing processes that justify the lignification 
increase noticed, the higher anthocyanic pigment concentration and the inter growth 
of wedelite with tabular wewelite crystals developed over the surfaces and inter- 
section planes of the preexisting crystalline formations. The formation of this 
kind of mix crystals (Type II) is understood considering that, at the moment of 
irradiation, some wedelite (Type I) had already been formed, which was completed 
after the treatment with the precipitation of tabular wewelite. After irradiation, the 
bulbs are stored and evolution of crystals continues in these conditions. It is 
by the end of this period when wewelite crystal formation is seen as final product 
(Type III). 

When garlic cloves undergo ionizing radiation commercial doses, not only is 
the new nuclear material synthesis inhibited (and therefore mitosis is prevented) 
but nuclear material existing at the moment of irradiation is affected. This is the 
reason why, when the irradiated bulbs come out of dormancy, a slight increase in 
the nuclei sizes and in DNA content is detected in the meristematic cells of the 
stem apex. This activity soon decays, and the nuclear disorganization appears (for- 
mation of micronuclei, fragmentation) and cellular damage becomes evident, which 
generalizes until meristem necrosis. 

It is hold that the effects of irradiation can be noticed with a certain delay in 
the cell material as a consequence that, in ‘in vivo" systems, some cell interrela- 
tionships, repair processes and other secondary reactions can take place (Giinkel and 
Sparrow, 1961). It is here stated that this delay in the manifestation of the irradia- 
tion effects occurs because the main ‘target’ of gamma rays has been the nuclear 
material in dormancy. Then, the damage is only detected when development is 
resumed, upon release of dormancy. Higher doses affect other ‘targets’, causing 
the fast disruption of other cell materials and activities that lead to a quick mani- 
festation of the damage produced. This does not happen with doses of 60 Gy and 
that is why it is called ‘commercial doses’, i.e., that the bulb retains unchanged 
its organoleptic and commercial properties and features. 
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Many researchers have detected a certain growth during dormancy both in irra- 
diated hulhs as in non treated sprouts (Fernandez and Aparicio, 1979; Argiiello, 
1987, etc.), in accordance to Section 4.2. This ‘apparent growth’ has to he attrib- 
uted to cell volume increase of the tissues previously formed before dormancy. 
By the end of this period, the not treated tissues cells resume their normal mitotic 
activity, so growth also takes place due to cell number increase. Instead, there is 
a moment when irradiated tissues cannot elongate more, and it is since then that 
the differences between treated and not treated sprouts become evident. This has 
been quantified using the DVI, but only after release of dormancy. In the same 
way, leaf primordia developed in the control material can be counted (since in the 
irradiated one no new primordia are formed), always as from sprouting. 

Instead, irradiation treatment can be detected during dormancy, through the devel- 
opment reached by the naked sprout (NSDI). In fact, the apparent growth measured 
in the sprouting leaf (and with which DVI is determined) is similar for all the 
material, but it is not the same with the leaf primordia. Probably, the maintenance 
metabolism of the control material is responsible for the growth of the leaf primordia 
similar to that of the sprouting leaf. For this reason, DVI and NSDI for control 
samples are similar. In turn, in the irradiated material, most of the tissue that forms 
the primordia is affected by the treatment since the primordia are mainly formed 
by meristematic tissue, which is highly sensitive to irradiation. Therefore, mainte- 
nance metabolic activity would be at a minimum and would not be enough for 
the primordia to elongate. This is clearly quantifiable with the NSDI. 

In summary, it can be stated that NSDI would be more efficient than DVI in 
irradiated bulb detection since it finds differences in naked sprouts development 
during dormancy, and later, it makes deeper said differences during the rest of the 
storage period. 

To differentiate irradiated bulbs from non-irradiated ones some of the parame- 
ters of the previous remarks could be used, which are summarized in the following 
chart: 

• During dormancy stage: the study of the type of crystal in the clove protective 
leaf and NSDI values. 

• After dormancy stage: morphology and nuclear activity of stem meristematic cells; 
the number of leaf primordia, the visual appearance of the sprout and DVI 
values are added to the indicators suggested for the previous stage, which make 
the differences even deeper. 




Summary of indicators applicable to irradiated bulb identification 
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1. INTRODUCTION 

Fruits and vegetables form an important component of human diet. Being rich 
sources of vitamins and minerals, fruits and vegetables add quality to human diet 
and increase its nutritive value. For these reasons they have also been termed as 
protective foods. Unlike cereals and legumes, the water activity in most fruits and 
vegetables is very high. Therefore, most fruits and vegetables are highly perish- 
able. Fruits and vegetables play host to several micro-organisms and insect pests, 
supporting their growth and proliferation. Often fruits and vegetables harbor 
pathogens and parasites that may endanger human health. They may also harbor 
insect pests of quarantine importance resulting in trade restrictions in export markets. 
Some of these problems can be solved by improvements in farming practices and 
others need to be addressed through appropriate post-harvest handling and pro- 
cessing. 

Over the years several techniques have been developed for improving post-harvest 
shelf-life and quality of fruits and vegetables. These techniques include use of 
physical, chemical, bio-chemical and biological agents. Application of many of these 
agents has advantages as well as limitations. Some of these agents have implica- 
tions for human health and environment. Others lack desirable effectiveness or 
may cause undedesirable changes in the commodity. Radiation processing of foods 
is an emerging technology to overcome some of these problems. 



2. FACTORS AFFECTING POST-HARVEST LOSSES 
2.1. Abiotic and biotic factors 

Various factors that contribute to both qualitative and quantitative losses during post 
harvest storage and handling of fruits and vegetables could be broadly classified 
as a biotic factors and biotic factors. 

The abiotic factors are mainly physical factors responsible for physical or mechan- 
ical injury to fruits and vegetables sustained during harvesting, storage, and transport. 
Fruits and vegetables are often handled, stacked and stored as non-living entities. 
The mechanical pressure on the commodity causes enormous stress, generates a 
lot of heat of respiration, causing rottage and deterioration in quality, reducing market 
life of the commodity. Desiccation due to excessive loss of moisture from the 
commodity also results in significant losses in the stored commodity. 
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Mechanical injuries to fruits and vegetables during harvesting and handling 
have a major influence on storage quality (Ryall and Lipton, 1972). A mechani- 
cally injured fruit provides good substrate for bacteria, fungi and insect pests to grow 
and multiply. It acts as a reservoir of the infectious microbes for other healthy fruits. 
The famous saying ‘one bad apple can spoil all the good ones’ holds good for all 
the agricultural commodities. Though light bruises and injuries on fruits and veg- 
etables that are self-healed may be ignored, the seriously damaged fruits should 
best be culled. 

The biotic factors can be further subdivided in to four sub-factors. These include. 
Physiological, Biochemical, Microbiological, and Parasitic factors. 

2.2. Physiological and biochemical factors 

Physiological factors responsible for spoilage of fruits and vegetables are actually 
the natural physiological processes that take place in the living tissue. These include 
processes like respiration, ripening, sprouting, senescence, and dehydration. Certain 
diseased conditions in fruits and vegetables like hollow heart disease of potato 
and spongy tissue in mango are also attributed to physiological factors. Physiology 
and biochemistry are very intricately connected and it is actually difficult to separate 
out these two factors (Sacher, 1973). 

Sprouting. Sprouting losses are very commonly observed in tubers, bulbs, and 
rhizomes. Sprouting is a natural physiological process in agricultural commodi- 
ties. Many commodities loose marketability due to this inherent process. The onset 
of sprouting depends on the nature and duration of dormancy in a commodity. The 
dormancy period would depend upon several factors including varietal differences, 
conditions during growth, maturity at harvest, and the climatic conditions prior to 
harvest and during post-harvest storage (Eddowes, 1978). Sprouting may have the 
following consequences for the commodity: 

• Loss of weight due to dehydration 

• Softening and shrinkage of tissue 

• Heat generation and rotting in lots due to high respiratory activity 

• Loss of nutritional value 

• Increase in certain anti-nutritional substances 

• Difficulties in processing 

Biochemical factors responsible for spoilage include action of indigenous lyso- 
somal and other hydrolytic enzymes of fruits and vegetables on the tissue. 
Physiological processes like ripening generate ethylene that in turn may induce 
several enzymes connected with ripening and senescence. Light induced chlorophyll 
synthesis causing greening and alkaloid (solanin) production in tubers are other 
examples of biochemical factors responsible for spoilage (Nair et al., 1981). Onset 
of detrimental biochemical changes in fruits and vegetables during storage may 
be triggered by the environmental conditions. Thus losses due to biochemical factors 
include: 
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• Early or pre-mature ripening 

• Irregular ripening 

• Senescence 

• Greening 

• Production of anti-nutritional factors 

• Development of internal defects like spongy tissue in mangoe/hollow hear in 
potato 

Ripening. Fruits may be classified according to their respiratory behavior during 
ripening in to two main classes: 

a) Climactric 

b) Non-climactric 

The climactric fruits exhibit a slow declining respiratory rate that reaches a 
minimum just before the onset of ripening. As the ripening begins, respiratory 
activity again begins to increase and reaches a peak as the fruit becomes fully 
ripe. The respiratory peak in the climactric fruits is accompanied by ethylene pro- 
duction that goes along the respiratory peak. This is followed by the onset of 
senescence, indicated by the respiratory decline (Tucker, 1993). The non-climac- 
tric fruits are often fully ripe at the harvest and register a slow decline in respiratory 
activity without showing any peak 



3. MICROBIAL SPOILAGE 

Microbiological factors responsible for spoilage of fruits and vegetables include a 
large number of microorganisms including bacteria, yeast and fungi that are known 
to cause post-harvest deterioration of stored fruits and vegetables (Dennis, 1983). 
The incidence of storage diseases of fruits and vegetables is largely governed by 
the following factors: 

• Inherent anti-microbial principles 

• Temperature of storage 

• Humidity of storage 

• Aeration/ Atmosphere of storage 

• Climatic conditions 

The nature of microbiological spoilage is governed by the pH of the fruits and 
vegetables. The classification of fruits and vegetables based on pH is given in 
Table 1. 

3.1. Bacteria 



Bacteria are a part of the common microflora of fruits and vegetables. In fruits 
and vegetables bacteria may be associated with the following problems: 
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Table 1. Classification of fruits and vegetables according to pH. 



Class 


PH 


Fruits and vegetables 


Low acid 


> 5.3 


Corn, peas, beans, cauliflower, potato, spinach beet 


Medium acid 


5.3^.5 


Cabbage, turnip, radish, carrot, pumpkin, okra 


Acid 


4.5-3.7 


Tomato, pear, pineapple, cherry, banana, mango 


High acid 


< 3.7 


Apple, jackfruit, peach, citrus fruits, prunes 



a) Undesirable textural and organoleptic changes 

b) Presence of harmful toxins 

c) Cause food borne illnesses 

The bacteria responsible for post-harvest spoilage of fruits and vegetables are 
listed in Table 2. 

Table 2. Some common bacterial diseases of vegetables. 


Bacterium 


Disease 


Vegetables 


Erwinia carotovora 


Bacterial soft rot 


Potato, carrot, radish, onion, garlic, asparagus 
cucumber, squash, eggplant, tomato, cabbage, 
celery, lettuce, spinach 


Achromobacter sp. 


Watery soft rot 


Lettuce 


Pseudomonas sp. 


Soft rot 


Onion 


Corynebacterium sp. 


Ring rot 


Potato 


Xanthomonas campestris 


Common blight 


Beans 


Pseudomonas syringae 


Halo blight 


Beans 



Bacteria involved on food bone illness and intoxication 
Table 3. Bacterial pathogens in food. 


are given in Table 3. 


Organism 


Hazard potential (AU) 


Salmonella typhi/paratyphi A&B 


+++ 


Shigella dysenteriae 


++ 


Listeria monocytogenes 


+++ 


Bacillus suis 


+++ 


E. coliseveral pathotypes 


+++ 


Aeromonas hydrophila 


+ 


Streptococcus pyogenes 


+ 


Yersinia enterocolitica 


++ 


Campylobacter jejuni 


+++ 


Vibrio cholerae 


+ 


Vibrio parahemolyticus 


+ 


Vibrio vulnificus 


+ 


Plesiomonas shigelloides 


+ 
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3.2. Fungi and yeasts 

Like bacteria, fungi and yeasts are also a part of the common microflora of fruits 
and vegetables. Since most fruits and vegetables have acidic pH, fungi and yeast 
play a major role in their spoilage. In fruits and vegetables fungi may be associ- 
ated with the following problems: 

• Undesirable textural and organoleptic changes 

• Presence of harmful mycotoxins 

• Cause food borne illnesses 

The fungi responsible for post-harvest spoilage of fruits and vegetables are 
listed in Table 4. Some of the toxin producing fungi and their toxins associated 
with fruits and vegetables are given in Table 5. 

3.3. Viruses 

In general presence of viruses on fruits and vegetables does not pose a threat to 
the commodity. However, fruits and vegetables play host to a number of viruses 
of public health importance (Table 6). 

3.4. Parasites 

The parasites include insect pests and nematode that cause infection of fruits and 
vegetables resulting in loss of their marketability (Dennis, 1983). The presence of 
insect pests and parasites in agricultural commodities depends on: 

• The type of commodity 

• Presence of natural resistance 



Table 4. Some common post harvest diseases of fruits and vegetables caused by fungi. 



Mold 


Rot 


Fruit/Vegetable 


Alternaria sp. 


Black or brown or 
Alternaria rot 


Lemon, orange, tomato, pepper, eggplant, 
apple, cucumber, squash, melon, cabbage, 
cherries, grape, strawberries, tubers, bulbs 


Botrytis sp. 


Gray mold rot 


Pear, apple, strawberry, citrus, grape, 
lettuce tomato, onion 


Fusarium sp. 


Pink or yellow rot 


Root crops, tubers, bulbs, orange, lemon 


Geotrichum sp. 


Sour rot 


Citrus, tomato, carrot 


Penicillium sp. 


Blue or green mold rot 


Citrus, apple, pear, grape, fig, melon, 
tubers, bulbs 


Sclerotinia sp. 


Cottony or watery rot 


Lemon, strawberry, all vegetables except 
potato and onion 


Colletotrichum sp. or 
Gleosporium sp. 


Anthracnose 


Banana, mango, apple cranberry, grape, 
soybean 
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Table 5. Toxin producing fungi and their toxin in foods. 



Mycotoxin 


Fungus 


Toxicity 


Alternaria sp. 


A. flavus 
A. parasticus 


Carcinogenic 

Mutagenic 

Teratogenic 

Toxic 


Trchothecine 


F. sporotrichoid.es 
F. culmorum 
T. roseum 


Skin irritant 
Emetic 


Ochratoxin 


A. ochraceous 


Nephrotoxic 


Fumonisin 


F. moniliformae 


Oesophagal 

Cancer 


Citrinin 


P. viridicatum 
P. cutrubyn 


Nephro toxin 


Patulin 


P. patulum 
P. urticae 


Sarcoma 


Zearalenone 


F. roseum 
F. nivale 


Estrogenic 


Ergot alkaloids 


Claviceps sp. 


Ergotism 




Table 6. Infectious viruses in foods. 





Organism 


Hazard potential (AU) 


Hepatitis A virus 


+++ 


Poliovirus 


+++ 


Norwalk agent 


++ 


Rotavirus 


++ 



• Regional and climatic differences 

• Conditions of post-harvest storage 

Presence of insect pests or nematodes in fruits and vegetables renders them 
unfit for human consumption. It is also a serious constraint on trade, mainly inter- 
national trade. To place these produce in international markets, an effective 
quarantine treatment is required. Some protozoa and parasites that could be trans- 
mitted through fruits and vegetables include amoeba, entamoeba, eggs and cysts 
of worms (helminths). 



4. PROCESING BY IONIZING RADIAITONS 
4.1. Application of ionizing radiations 

Ionizing radiations can play a significant role in the control of biotic factors respon- 
sible for spoilage of fruits and vegetables. Radiation processing involves controlled 
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application of the energy of ionizing radiations such as gamma rays. X-rays, and 
accelerated electrons to frnits and vegetables for achieving one of the following 
objectives. 

• Control of sprouting 

• Delay in ripening 

• Disinfestation 

• Shelf-life extension 

• Hygienization 

• Sterilization 

The technology holds considerable promise because in many cases it has an 
edge over the conventional methods. It could be applied judiciously where con- 
ventional methods are inadequate, uneconomical, or pose potential health risks. It 
can also be used as a complementary process with many new and emerging tech- 
nologies. The process helps in keeping chemical burden on the commodities low 
and also increases the packaging possibilities. These benefits accrue mainly from 
the cold natnre of the process and high penetrating power of ionizing radiations 
(Proctor and Goldblith, 1951; Nair and Sharma, 1989). 

4.2. Ionizing radiations 

Ionizing radiations are a part of the electromagnetic spectrum. They have rela- 
tively short wavelengths and high energy. These radiations can eject electrons from 
an atom of a molecule in food to form electrically charged species known as ion. 
The ejected electrons cause further ionizations. They can also cleave a molecule into 
smaller fragments with an unpaired electron, known as free radicals. The products 
formed as a result of action of radiation on the molecnles of a material are broadly 
called radiolytic products. 

Due to short wavelength and high energy associated with ionizing radiations, they 
are highly penetrating and effective. Therefore, nnlike other methods, foods for radi- 
ation processing can be pre-packed and treated to get the desired effect. 

Most of the effects of ionizing radiations on the living cell are bronght about 
by direct and indirect effect of radiation on DNA molecule(s) and other cell com- 
ponents. By direct interaction of radiation, the bonds in DNA molecnle are broken 
and the bases are damaged. In indirect effect the presence of water and oxygen in 
cell enhances the radiation effect by the production of highly reactive free radicals 
such as OH*, H*, and hydrated electrons that react with DNA and cell compo- 
nents (Diehl, 1995; Josephson and Peterson, 1983; Satin, 1996). 

In accordance with international regnlations such as Codex General Standards for 
Food Irradiation, the ionizing radiation which may be permitted for irradiating foods, 
inclnding fruits and vegetables is limited to: 

a) Gamma rays from radioisotope Cobalt-60 or Cesium-137. 

b) X-rays generated from machine sources operated at or below an energy level 
of 5 MeV. 

c) Electrons generated from machine sonrces operated at or below energy level 
of 10 MeV. 
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4.3. Sources of ionizing radiations 

The sources of ionizing radiations can be classified in to two broad categories, 
namely, radioisotopes, and machines. 

4.3.1. Radionuclide sources 

It is a general practice to use Cobalt-60, however. Cesium- 137 can also be used. The 
broad characteristics of the two sources are given in Table 7. 

While Cobalt-60 is produced in nuclear power reactors by bombardment of 
Cobalt-59 with neutrons. Cesium- 137 is a fission product and has to be extracted 
from the spent fuel of a nuclear reactor through reprocessing. Though Cobalt-60 
is the preferred choice. Cesium- 137 offers advantage in building portable or modular 
type of irradiators. 

In the case of radionuclides, emission of radiation results in conversion of the 
isotope into a stable atom. This results in reduction in the number of radioactive 
atoms over a period of time. The time required by a set of radionuclide atoms to 
display half of its original activity is called half-life. The energy of radiation emitted 
by a radionuclide is fixed; however, in the case of machine sources variable energies 
can be obtained. Radioisotopes also provide much lower dose rates compared to 
machine sources. 



Table 7. Characteristics of ionizing radiation sources. 



Radioisotopes 



Radionuclide 


Co-60 


Cs-137 


Typical source form 
Half-life 
Specific activity 
Gamma energy 
Power 

Dose rate* (10 kCi) 


Metal 
5.3 years 
1-400 Ci/G 
1.17. 1.33 MeV 
65 Ci/W 
0.953 kGy/h 


Cesium chloride pellets 

30 years 

1-25/Ci/G 

0.66 MeV 

207 CiAV 

0.221 kGy/h 


Machine 


Modee 


E-B 


E-B^X-Rays** 


Power 

Energy*** 

Penetration 


V ariable 
10 MeV (Max) 

3-4 cm (water equivalent 


Variable 

5 MeV (Max) may be upgraded to 7.5 MeV 
30^0 cm 



* At a distance of 30 cm from the source in a material of 20 cm thickness. 

** Also known as bremsstrahlung. 

*** Radiation sources permitted as per national and international regulations are: 

(1) Cobalt-60 

(2) Cesium- 137 

(3) Accelerated electrons not more than 10 MeV 

(4) X-rays from a source with a beam energy not more than 5 MeV. 
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For use as a radiation source, Cobalt-60 pellets are encapsulated in stainless 
steel pencils. This geometry minimizes self-absorption and heat build-up. With a 
half-life of 5.27 years, an annual replenishment of 12.3% is needed to maintain 
the source strength. A basic design of a gamma irradiation facility is shown in 
Figure 1. Goods to be irradiated are conveyed to the irradiation chamber through 
a labyrinth, which prevents radiation from reaching the work area and operator room. 
When the facility is not in operation, cobalt-60 is stored in a source rack under water 
at a depth of about 6 meters. The water column thus absorbs the radiation and 
acts as a shield to prevent radiation to be present in the cell area when the source 
is idle. During the processing of a commodity, the source rack is brought up to 
the irradiation position after activation of all safety devices. The irradiation chamber 
is shielded with concrete walls usually about 1.5-1. 8 meters thick. The goods in alu- 
minium carriers or tote boxes are mechanically positioned around the source rack 
and are turned around their own axis so that the contents are irradiated from both 
the sides (Nair and Sharma, 1994; Josephson and Peterson, 1983; Mollins, 2001). 

The absorbed dose is determined by the dwell time of the carrier or tote box in 
the irradiation position. The dwell time can be preset after taking in to considera- 
tion the dose rate, which in turn would depend upon the source strength. The 
absorbed dose is measured by placing dose meters at various positions in a tote 
box or a carrier. In Fricke’s dose meter radiation induced oxidation of ferrous ions 
in a 0.4 M sulfuric acid solution to Ferric ions is measured at 304 nm (Chadwick, 
1979). 

4.3.2. Machine sources 

Machine sources used in food irradiation include various types of electron accel- 
erators (Figure 2). The electron beam emerging from the accelerator can be either 
used directly or converted in to X-rays. Both DC (Direct Current) accelerator and 
microwave or radio-frequency linear accelerator (LINAC) are used. In both types 
electron are accelerated close to the speed of light in an evacuated tube. Electrons 




Figure 1. A typical gamma irradiation plant. 
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Figure 2. A typical electron beam irradiator. 



emitted from an electron source are pushed from the negative end of the tube and 
are attracted by the positive end. The higher the potential difference, higher the speed 
attained by electrons. A scanning magnet at the end of the accelerator tube deflects 
the monoenergetic electron beam on to the material being irradiated. In LINACs, 
pulses of electrons produced at the thermionic cathode are accelerated in an evac- 
uated tube by driving radio-frequency electromagnetic fields along the tube. The 
LINAC electrons are monoenergetic but the beam is pulsed. As the electron beam 
can be directed at the product, efficiency of electron accelerators is about 20% higher 
than that of gamma sources. Energy and current determine the output capacity of 
an electron accelerator. Because of the lower depth of penetration (approx. 5 
mm/MeV in water), electron beams cannot be used for irradiation of thick chunks 
of food, large fruits or bulk packages. 

This difficulty can be overcome by converting electrons into X-rays by fitting 
a water-cooled converter plate to the scanner. The electrons upon striking the metal 
plate are converted into X-rays. The conversion efficiency depends on the material 
of the converter plate and the energy of the striking electrons. The X-rays are as 
penetrating as gamma rays. 
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4.4. The choice of an irradiator 

A number of aspects are considered during the choice of an irradiator. These include: 

• The type of commodity 

• Whether loose bulk or packages 

• Through put required 

• Thickness and shape of the product 

• The size and shape of the container 

• The packaging density of the product 

• Techno-economic feasibility 

• Socio-political implications 

4.5. Process control 

During irradiation processing the aim is to expose the material to at least the 
minimum required dose that governs the effectiveness of the process. Correct mea- 
surement of dose and dose distribution in the product ensures that the radiation 
treatment is both technically and legally correct. Application of an experimentally 
established dose for the purpose of radiation processing of a specific food is impor- 
tant both technologically and economically. Dose and dose distribution are 
determined by product and source parameters. Product parameters are primarily 
the density of the commodity and packages. The source parameters vary with the 
facility or the type of radiation being used. 

4.6. Mechanism of action of ionizing radiations 

Ionizing radiations bring about the desired effects by different mechanisms in dif- 
ferent foods, depending upon the dose of radiation. The ionizing radiations cause 
these effects by causing changes in biomolecules either by direct deposition of energy 
or indirectly through interaction with radiolytic product of water. 

Gamma rays, X-rays or electrons produce ionizations and excitations in the 
molecules they strike, hence they are also called ionizing radiations. Ionizing radi- 
ations act through two basic processes. The primary processes or events cause 
formation of ions, excited molecules or molecular fragments. The secondary events 
involve interaction of the products of primary events with the food material. While 
the primary events are independent, the secondary events depend upon variables 
such as temperature, gasses, and water content. The chemical change is usually 
expressed as G value, which is a measure of the number of atoms, molecules or 
ions produced or destroyed by 100 eV of absorbed energy. The extent of radiation 
effect depends on the radiation energy absorbed. It increases linearly with the dose 
in the dose range normally used in food irradiation. 

Water is an abundant component of food. Therefore, interaction of water with 
radiation has a major role to play during irradiation. The radiolytic products of water 
such as hydroxyl radical, hydrated electrons, hydrogen atoms, and peroxides are 
highly reactive and play a major role in bringing out the effects of irradiation. 
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The effects brought about by the interaction of radiolytic products of water with bio- 
molecules are also called indirect effects (Diehl, 1995). 

4.7. Effect of ionizing radiation on living organisms 

4.7.1. Bacteria 

At high doses radiation can kill an organism. The radiation sensitivity of living organ- 
isms varies with their size and complexity. Thus the viruses are much more 
radioresistant than the higher organisms. Microorganisms are generally associated 
with foods as spoilers as well as pathogen. Spoilage microflora in food reduces 
its shelf-life, whereas, pathogens pose health risks associated with consumption of 
contaminated foods in the form of food poisoning and intoxications. The sensi- 
tivity of a microorganism to radiation is conveniently expressed in terms of the 
number of Grays (Gy) required to kill 90% of the population present. This is called 
Dio value, or the dose required to reduce the population of viable cells by a factor 
of 10. The typical Dio values for different bacteria is given in Table 8. The role 
of irradiation in preventing food borne illness is assuming more and more impor- 
tance (Etzel, 2002). 

From the standpoint of microbiological quality radiation processing of food serves 
a number of objectives (Josephson and Peterson, 1983). These objectives are given 
below: 

Radurization. This is the treatment that aims to achieve sufficient reduction in the 
number of spoilage bacteria present in food so as to limit the spoilage and extend 
the shelf-life. The term is used as equivalent of heat pasteurization. 

Radicidation. Radiation may also be used to control a specific organism whose 
presence in food may be objectionable. The radiation treatment may be designed 
to relate solely or primarily to such an organism, and is calculated on the bases of 
Dio value of that organism. The dose level required to eliminate this organism is 
called radicidation dose. 

Radappertisation. Radiation can also be used to destroy all spoilage and patho- 
genic microbes in food, and obtain a sterile product. A concept such as 12 D used 



Table 8. Djo values for selected bacteria. 



Bacterium 


Medium 


O 

O 


Escherichia coli 


Nutrient broth 


100-200 


Pseudomonas fluorescence 


Nutrient broth 


20-30 


Staphylococcus aureus 


Nutrient broth 


100 


Salmonella typhimurium 


Dried egg 


450-600 


Bacillus subtilis spores 


Saline 


2,600 


Clostridium botulinum spores 


Canned meat 


2,000-4000 
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in heat sterilization is also employed in radiation sterilization. Doses in the multi- 
ples of Dio value required to destroy the most radiation resistant microbe or the most 
hazardous microbe are employed. Normally, the doses used are above 25 kGy, and 
to avoid any changes in flavour, these are best applied at low temperatures. The 
product is stable at ambient temperature. 

4.7.2. Yeast and molds 

Yeasts and molds are frequently present in foods, especially fruits and vegetables. 
Their outgrowth causes not only spoilage, but also contamination of food with 
toxic metabolites called mycotoxins. The sensitivity of yeasts and molds to radia- 
tion is determined by the cellular state of the organism. The multicellular, coenocytic 
mycelia are more difficult to destroy compared to single vegetative cells or spores. 
The Dio value for mold spores could range from 30-100 Gy. 

Considerable work has been done to control spoilage of fruits by molds using 
radiation (Thomas, 1986). In many cases the dose required to prevent mold spoilage 
turns out be higher than the fruit can tolerate. One effective method is to employ 
a combination of mild heat and irradiation. 

4.7.3. Insects 

Foods contaminated with insects are generally regarded as unfit for human con- 
sumption. Also, no country would like to import insect pests of other countries along 
with the imported food items. This is regulated by a set of rules under the plant 
protection and quarantine laws of the country. The minimum dose levels of radia- 
tion to arrest development of certain insects and mites are shown in Table 9. In 
any food, the most resistant organism likely to be encountered is the one that sets 
the minimum dose requirement. For uses such as quarantine control, a single insect 
may be all that is involved. Therefore, a dose specific for that organism is needed. 



Table 9. Applications of radiation processing of food based on dose requirements. 



Low dose applications (Less than 1 kGy) 

• Inhibition of sprouting in potato and onion 

• Insect disinfestation in stored grain, pulses and products 

• Destruction of parasites in meat and meat products 

Medium dose applications (1—10 kGy) 

• Elimination of spoilage microbes in fresh fruits, meat and poultry 

• Elimination of food pathogens in meat and poultry 

• Hygienization of spices and herbs 

High dose applications (above 10 kGy) 

• Sterilization of food for special requirements 

• Shelf-stable foods without refrigeration 



Gray (Gy) is a unit of radiation absorbed dose = 1 Joule/kg. 
The old unit is rad (IGy = 100 rad). 
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4.7.4. Parasites 

This group of organisms includes parasitic worms and flukes that can infest certain 
foods. Some of the helminthes that can contaminate fruit and vegetables include 
Ascaris lumbricoides (intestinal worms), Fasciolapsis buski (intestinal fluke), and 
Fasciola hepatica (liver fluke). Besides these helminthes fruits and vegetables could 
also be contaminated with protozoal parasites. These include. Amoeba, Entamoeba, 
and Giardia. Irradiation can effectively destroy these parasites. 

4.7.5. Plants - Fruits and vegetables 

Of the main concern are those plant commodities that exhibit certain life processes 
during the period between harvest and consumption. These commodities deterio- 
rate in food value due to these inherent processes. Radiation can be used to arrest 
these changes for the benefit of man. 

For climacteric fruits the pre-climacteric respiration minimum is a key point 
with regard to response to stimuli, including radiation. Irradiation of fruits in pre- 
climacteric stage produces a better response than fruits treated beyond the onset 
of the climacteric. 

Varietal differences of course play an important role. Radiation can also cause 
biochemical and textural changes. Therefore, a balance between the required effec- 
tive dose and the tolerance of fruit to radiation has to be made. Raw vegetables, 
like fruits also undergo inhibition of respiration, normal growth and senescence. The 
irradiation of tubers, bulbs, and rhizomes, prevents sprouting. The effect is irre- 
versible. Other effects include inhibition of greening and solanine production. The 
cap and veil of mushrooms do not open. Irradiated asparagus spears do not lengthen 
with time (Thomas, 1986; Gautam et ah, 1998; Mollins, 2001). 



5. WHOLESOMENESS AND SAFETY ASPECTS 

No other method of food processing has been subjected to such a thorough assess- 
ment of safety as the radiation processing. The various aspects of wholesomeness 
and safety of radiation-processed foods have been studied in great detail (WHO, 
1994; Diehl, 1995). These include: 

• Possibility of induced radioactivity 

• Microbiological safety 

• Safety of chemical changes 

• Nutritional adequacy 

• Animal feeding 

• Human trials 

At the energies of the gamma rays from Cobalt-60 (1.3 MeV) and those rec- 
ommended for X-rays (5 MeV) and accelerated electrons (10 MeV), no induced 
radioactivity has been observed. The microbiological aspects of radiation-processed 
foods have been studied in detail. None of these studies have indicated that foods 
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preserved by radiation pose any special problems in relation to microflora. It has 
been found that there are no unique radiolytic products formed and free radicals 
in the system disappear depending on the nature of the commodity and its post- 
irradiation storage and treatment. In fact, the chemical differences between radiation 
processed foods and non-irradiated foods are too small to be detected easily. Though 
rough composition of food remains largely unchanged, some losses in vitamins 
may be encountered. However, these losses are often minor and could be made 
up from other sources. 

Animal feeding studies have been the most time consuming and expensive feature 
of wholesomeness testing of irradiated foods. None of the short- or long-term feeding 
studies, as well as the mutagen testing studies, conducted with several irradiated 
foods in several species of laboratory animals have shown any adverse effect on 
these animals. Similarly, no adverse effects were found in human volunteers fed 
irradiated food (WHO, 1994). 



6. INTERNATIONAL APPROVAL 

In 1980 a joint FAO/IAEA/WHO Expert Committee on Eood Irradiation (JECFI) 
reviewed the extensive data on wholesomeness collected up to that time and con- 
cluded that irradiation of any commodity up to an over all average dose of 10 
kGy presents no toxicological hazards and introduces no special nutritional or micro- 
biological problems. An Expert Group constituted by WHO in 1994 once again 
reviewed the wholesomeness data available till then and validated the earlier con- 
clusion of JECEI (1981). In 1997 a joint EAO/IAEA/EAO Study Group constituted 
by WHO affirmed the safety of food irradiated to doses above 10 kGy (WHO, 1999). 
In view of this recommendation the Codex Committee on Eood Standards of The 
Codex Alimentarius Commission is also revising the Codex General Standard for 
Irradiated Eoods that sets standards for processed foods. 



7. DETECTION OF THE METHOD 

Because of the small amount of energy involved in radiation processing, no sig- 
nificant differences can be observed in terms of appearance, smell or taste of 
irradiated commodity. It is difficult to detect changes by simple chemical tests. At 
the same time some sophisticated techniques can detect irradiated foods (Bogl, 1989). 
These include detection systems based on electron spin resonance spectroscopy, 
luminescence, and GC/MS. The only way for consumers to know that the food 
has been irradiated to is for the product to carry a lable that clearly declares the 
treatment in words, with a symbol or both. 
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8. PRACTICAL APPLICATION OF RADIATION PROCESSING 

OF FOOD 



8.1. Technological benefits 

Major technological benefits that can be achieved by radiation processing of food 
include: 

• Disinfestation of insect pests in stored products 

• Inhibition of sprouting in tubers, bulbs and rhizomes 

• Delay in ripening and senescence in fruits and vegetables 

• Destruction of microbes responsible for food spoilage 

• Elimination of parasites and pathogens of public health importance in food 

On the basis of dose requirements these benefits could be classified in to low 
dose, medium dose, and high dose applications (Table 8). 

8.2. Advantages 

The technology can be applied in three broad areas. 

• For strengthening food security 

• For improving food safety 

• For increasing international trade 

It can improve food security by cutting down food losses caused by storage 
insects, microorganisms, and physiological changes. It is believed that 20-50% of 
the agricultural produce is lost due to inadequate post-harvest practices. It can 
help reduce the risk of food borne-illnesses by eliminating pathogens and para- 
sites in food, thus improving food safety. It can also help to boost international trade 
by overcoming quarantine barriers and by improving quality and marketability of 
agricultural products. Radiation technology offers several advantages for processing 
food. These advantages are listed below. 

• It is a physical, non-additive process, causing minimal change in food 

• It is highly effective compared to chemicals and fumigants 

• It does not leave harmful residue in food 

• It can be applied to bulk as well as prepackaged food 

• It is a cold process and preserves food in natural form 

• It does not destroy heat-labile aroma constituents of food 

• The process is safe to workers and friendly to environment 

8.3. Limitations 

The technology has also a few limitations. These are: 

• The technology cannot be applied indiscriminately to all foods. 

• Only those foods that are amenable to radiation processing can be treated. 
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For example, in fruits and vegetables, the commodity should be able to tolerate 
the technologically effective dose without undergoing unacceptable changes in 
texture and aroma. 

• The technology is also not appropriate for destruction of viruses and enzymes. 

Therefore, to meet such an objective the technology should be complemented 
with other methods such as mild heat. Similarly, a food product which is molded 
and already contaminated with preformed microbial toxins can not be treated with 
radiation as a part of the good irradiation practice. Some of these measures are 
part of the good manufacturing practices for any food processing method. 

• The technology is also capital intensive 

• In case of gamma irradiation plants needs handling of radioisotopes requiring 
proper safeguards and approvals. 



9. RADIATION PRESERVATION OF BULBS AND TUBER CROPS 

Bulbs and tuber crops are important food vegetables cultivated and consumed in 
most areas of the world. Onions (Allium cepa L. var. cepa), shallots (A. cepa L. 
var. ascalonicum), and garlic (A. sativum L.) constitute the major bulb crops whereas 
potato (Solanum tuberosum L.) and yams (Dioscorea spp.) form the economically 
important tuber crops. 

Onion is an important vegetable crop world wide cultivated for culinary purposes. 
Onion and garlic also possess remarkable medicinal properties. These crops are 
important for the economies of the producing regions as well as for the import 
centers. 

Potato again is a major crop in the temperate zone but its cultivation has also 
picked up in warmer regions. The crop also serves as a raw material for several 
industries. Yams are staple food in many countries in Africa, South East Asia, and 
the Pacific. 

Because of the high moisture content and the respiring nature of the commodity, 
post harvest losses are high creating difficulties in storage, transportation and pro- 
cessing. The various factors contributing to quantitative deterioration of these 
commodities include, physical (mechanical), physiological, microbiological, and 
entomological. 

The main objective of treating bulbs and tubers with low doses of ionizing radi- 
ation is to prevent physiological processes leading to sprouting during extended 
storage. Losses due to other factors may continue to occur and need to be managed 
by creating appropriate storage conditions. 

9.1. Significance of sprouting in storage 



Sprouting in tubers and bulbs causes deterioration of nutritive value, and mar- 
ketability. 
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The undesirable changes include 

• Loss of marketable weight 

• Loss of nutritional value 

• Softening and shrivelling 

• Loss of processing quality 

• High peeling losses 

• Presence of toxic alkaloids like solanine in sprouted potato 

9.1.1. Potato 

Of the physiological factors sprouting is the major cause of deterioration of market 
quality of potato. Though the estimates vary, losses due to sprouting may range 
between 5-15 percent. 

Of the various physiological factors which affect storage of bulbs and tubers, 
sprouting is the most obvious manifestation of the deterioration. Sprouting does 
not start immediately after harvest. There is a time lag, called the dormancy period, 
which may last several weeks. The dormancy period depends upon, variety, climatic 
conditions, maturity at harvest, mechanical damage, microbial infections, and the 
storage environment and temperature (Eddowes, 1978). 

In potatoes, dormancy breaks more readily when the tubers are stored at tem- 
peratures above 5 °C, are damaged or are diseased. Thus in countries with temperate 
climate, potato harvested in autumn remains dormant until early spring, whereas, 
in countries of warmer regions, dormancy break sprouting occurs much earlier. 

9.1.2. Onion 

In onion low temperatures between 5-15 °C and high humidity dormancy period 
is shortened and is also more vigorous (Thomas et ah, 1975). 

9.1.3. Yams 

In yams sprouting losses are very significant under ambient conditions (Coursey, 
1961). 

9.2. Alternate methods of sprout control 

9.2.1. Low temperature storage 

Bulb crops can be stored for sufficiently long duration at a temperature of 0 °C 
with a relative humidity of 65-75%. Control of temperature and humidity of the 
storage air are essential for the success in the storage of onion, shallots and garlic. 
Sub-zero temperatures (-1 to -2 °C) have been recommended for storage of onion 
in Europe. Before the onion is marketed it is to be thawed at a higher tempera- 
ture. Storage at 0 °C and RH of 80-85% can minimize the losses due to sprouting, 
rooting, desiccation, and microbial spoilage in garlic and the bulbs can be held 
for 8-9 months in good condition (Ryall and Lipton, 1972). 
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In most potato varieties sprouting ceases at temperature below 4 °C. A temper- 
ature of 4-5 °C and a RH of 92-95% are considered to be ideal for prolonged potato 
storage. However, the reducing sugar content of potatoes increases gradually at 
this temperature. This causes problem of browning during processing of potatoes 
for chips and wafers (Thomas, 1984). 

Yams are very sensitive chilling injury at temperatures below 12 °C. A storage 
temperature of 15-16 °C and RH of 70% is considered for storing yams for 4-5 
months without sprouting (Noon, 1978). 

9.2.2. Chemicals 

Post harvest spraying of onion with maleic hydrazide (MH, 1,2-dihydropyridazine- 
3-6-dione), a chemical which prolongs dormancy via its effect on nucleic acid 
metabolism and cell division. The chemical is applied 3-4 weeks before harvest 
when enough green foliage is present to facilitate its absorption and translocation. 
Spraying with ethophon (2-chloroethyl phosphonic acid) also keeps the onion bulbs 
dormant for fairly long period. Post harvest application of isopropyl-N-phenylcar- 
bamate (IPC) and methyl ester of naphthalein acetic acid (MENA) in the vapour 
form are used for sprout inhibition of potato. A number of chemical inhibitors of 
cell division such as Cloropropham (CIPC, isopropyl-N-(3-chlorophenyl) carbamate), 
Propham (IPC, isopropyl-N-phenyl carbamate), Tecnabenzene (TCNB, Tetrachloro 
nitrobenzene), MENA, MH-40, MH-30,and nonyl alcohol are extensively used for 
sprout inhibition of potatoes. Among the various chemicals the most widely used 
are pre-harvest sprays of MH and post harvest application of CIPC, IPC. The 
effectiveness of the former depends upon the time of application and storage tem- 
perature (Thomas, 1984; Sawyer, 1962). 

9.2.3. Storage at high temperatures 

In many tropical countries onion, shallots and garlic are stored at high tempera- 
tures above 25 °C. However, long term storage at these temperatures causes excessive 
microbial spoilage, desiccation and shrinkage (Thomas et ah, 1978). 

9.3. Radiation processing for sprout inhibition 

Sprout inhibiting effect of gamma rays on tubers and bulbs were observed as early 
as 1936 by Metlistkey and later from several other authors. In onions, although 
the effectiveness of radiation in sprout control doses vary with the cultivar, habitat, 
cropping season, state of dormancy at the time of irradiation, and the post-irradia- 
tion storage conditions such as temperature and humidity (Thomas, 1986). In bulbs 
for achieving best results irradiation should be carried out immediately after harvest 
and curing, when the bulbs are in the dormant period. The doses employed vary 
between 20-120 Gy. 

In case of potato regardless of cultivar a dose of 100 Gy inhibited sprouting 
irreversibly. In general, the best results were obtained when good quality tubers 
harvested with minimum injuries and cured sufficiently are irradiated to a dose of 
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0.07-0.1 kGy. Storage temperatures between 7.5 to 15 °C are reported to be suitable 
for irradiated potatoes. 

The various factors influencing the spront inhibition of bulb and tnber crops by 
ionizing radiation are: 

9.3.1. Time interval between harvest and irradiation 

Bulb. In general the effectiveness of sprout control decreases with the increasing 
interval between harvest and irradiation. Adequate control of sprouting is reported 
when the bulbs are irradiated within 2-4 weeks. Dormancy period can be extended 
when the bulbs are stored either at 0 °C or at a temperature above 30 °C. Irradiation 
of onion stored under these conditions has been found to be effective (Thomas, 
1993). Similarly, in garlic complete inhibition of sprouting has been reported when 
the bulbs were irradiated shortly after harvest to doses between 20-60 Gy (Mathur, 
1963a, b; Kwon et al., 1985; Curzio et al., 1986). 

Tubers. Sprout inhibition in potato is highly effective when irradiated immediately 
after harvest, when the tubers are treated in the dormancy period. The minimum 
dose required is higher than that for bulbs. A dose range from 0.07 to 0.15 kGy 
is sufficient to inhibit sprouting regardless of cultivar, time of irradiation, and post 
irradiation storage temperature (Thomas, 1984). In yam tubers a dose of 75 Gy 
was found to be effective (Adesuyi, 1978). 

9.3.2. Cultivar 

In bulbs, the influence of cultivar sensitivity to radiation is not well documented. 
While in potato the minimum dose requirement for effective sprout inhibition is 
known to differ among cultivars. However, regardless of the cultivar doses between 
70-100 Gy are known to inhibit sprouting under any storage temperatnre (Thomas, 
1984). 

9.3.3. Effect of irradiation on chemical constituents 

Sugars. In general no significant effect of irradiation on the content of the reducing 
sngars, total sngars, total soluble solids, and dry matter of onion has been observed. 
In non-irradiated onion considerable increase in redncing sugars were recorded 
during sprouting. 

In case of potato, a temporary rise in both redncing and non-redncing sugars 
was observed. The level often came down to normal levels during further storage. 
An increase in sugars on prolonged storage or senescent sweetening has also been 
observed. Increased sngar content of potato can render them unsuitable for pro- 
cessing into chips, crisps, or French fries. A comparison of sugar changes in 0.1 
kGy treated potatoes during storage at 14 °C and in non-irradiated potatoes at 
4-5 °C for six months showed a 50% lower content of redncing and total sngars 
as well as 15% greater starch content in irradiated tubers than in non-irradiated 
controls. A similar stndy with several Indian cultivars revealed that sugar accu- 
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mulation in non-irradiated tubers stored at 2-4 °C progressed at a faster rate than 
in irradiated tubers at 15 °C during a six month storage period (Joshi et ah, 1990; 
Shirshat et ah, 1994). The sugar content did not seem to be affected by storage at 
higher temperatures at 15 or 32 °C. 

In yams starch levels remain almost identical in 0.15 Gy irradiated and non- 
irradiated stored samples. 

9.3.4. Vitamin content 

Although onion is not consumed for vitamin C, its content after irradiation has 
been assessed in several studies. Many studies do not report any significant dif- 
ferences in tbe vitamin C content of irradiated stored onion. Any loss in ascorbic 
acid after irradiation has been found to be accompanied by increased levels of 
de-hydroascorbic acid, which is also biologically active (Ghod et ah, 1976). 

Potatoes are known to be a good source of vitamin C. Most of the studies show 
that the vitamin remain stable during and after irradiation. As observed in case of 
onion, in the initial period of storage a loss of about 15% of tbe vitamin C was 
observed. However, the retention of vitamin in irradiated potato during the storage 
period was comparable or even higher than the stored non-irradiated control tubers 
(Joshi et ah, 1990; Matsuyama and Umeda, 1983). A Japanese study on the total 
vitamin C content of irradiated (0.15 kGy) and non-irradiated potatoes store at 
5 °C for 5 months showed no significant differences in the raw tuber or after cooking 
by steaming, boiling, microwave heating, or French frying (Hanai and Nakashima, 
1992). 

Thiamine, riboflavin, and niacin content in potato tubers were not affected by 
irradiation at sprout inhibiting doses. However, the carotenoid content of irradi- 
ated potato was low compared to non-irradiated controls. A partial recovery of 
carotenoids was observed when tubers were reconditioned at 34-35 °C. 

9.3.5. Amino acids and proteins 

Exposure of potato to 0.07 to 0.1 kGy dose two weeks after harvest or later did 
not appreciably affect the nitrogenous substances in potato except during the initial 
storage period when some of the non-protein nitrogen increased at the expense of 
decomposition of protein nitrogen (Metlisky et ah, 1968). Similar observations were 
made in Indian studies (Ussuf and Nair, 1973). With prolonged storage, protein 
nitrogen and non-protein nitrogen were found to be equal in irradiated and non- 
irradiated tubers (Metlitsky et ah, 1968; Fujimaki et ah, 1968). A study of the 
nutritional quality of potato proteins based on the balance of nitrogen in the rates 
of growth, amino acid content and the available lysine showed no significant effect 
on the digestibility of potato irradiated at 80 Gy (Varela and Gurbano, 1971). 

9.3.6. Greening and glycoalkaloid formation 

Greening of potatoes as a result of chlorophyll formation can occur either as a 
result of exposure of tubers to natural light in the field during growth, or to artifi- 
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cial light in storage particularly at cold temperatures (Ramaswamy and Nair, 1974; 
Schwimmer and Weston, 1958). The greening of potato reduces its consumer appeal, 
causes bitterness due to the development of alkaloid solanine that accompanies 
chlorophyll synthesis (Ramaswamy et ah, 1976). Potato tubers subjected to gamma 
irradiation for sprout inhibition were more resistant to light induced greening 
(Heatherington and Mcqueen, 1963). A 70% reduction in chlorophyll synthesis 
and solanidine accumulation was observed in potato irradiated to sprout inhibiting 
dose of radiation (Nair et al., 1973). In other studies no effect on the glyco- 
alkaloid content of potato was observed (Patil et al., 1975; Bergers, 1981). 

9.3.7. Flavour and pungency of bulbs 

Vegetables like onion, shallots and garlic are primarily used as flavouring and sea- 
soning agents in food. Many studies have been carried out on the effect of sprout 
inhibiting doses of gamma radiation on flavour and pungency of these commodi- 
ties. Though divergent results have been reported, both subjective and objective 
methods such as sensitive gas chromatographic analysis have shown slight decrease 
in the flavour, pungency, and lachrymatory principles of onion after irradiation which 
may become insignificant upon storage (Lewis and Mathur, 1963; Mathur, 1962; 
Bandyopadhyay et al., 1973; Thomas et al., 1986). 

9.3.8. Quality parameters of radiation processed bulbs 

Weight loss. Many studies have shown that weight loss due to driage, and sprouting 
is considerably reduced in onion stored after exposing to sprout inhibiting dose of 
radiation. The increased desiccation in onion was attributed to sprouting and con- 
sequent rise in transpiration losses (Thomas et al., 1986). This can be prevented 
by inhibition of sprouting by radiation processing. Reduction in weight loss has 
also been observed in irradiated garlic (Croci et al., 1990). 

Color. Irradiation at sprout inhibiting doses neither affected skin color immedi- 
ately nor influenced the rate of fading of the bulb color during three month storage 
at ambient temperature as evidenced by anthocyanin content (Bandyopadhyay et 
al., 1973). Similar observations were made by others (Salems, 1974). 

Storage rot. The dose levels employed for sprout inhibition are too low to have 
any impact on spoilage microorganisms. While some researchers have reported a 
decrease in storage rots of onion after irradiation (Van kooij and Langarek, 1961; 
Lewis and Mathur, 1963; MacQueen, 1965; Mumtaz et al., 1970), others have 
reported increased storage rot (Agbaji et al., 1981; Nandpuri, 1969; Dallyn and 
Sawyer, 1959). Results of several laboratory scale as well as pilot scale storage 
studies generally show that when well-cured and healthy bulbs of good quality 
are irradiated during the dormancy period to the minimum dose needed for sprout 
inhibition and when good storage management is practiced, rots are not significantly 
increased (Thomas, 1986). In a recent large-scale storage study with irradiated onion 
we have found that the storage rot was significantly less in the summer crop of onion 
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treated with sprout inhibiting doses of gamma rays and stored either loose in con- 
ventional aerated storage structure or in bags under ambient conditions (Sharma 
et ah, unpublished). 

Antifungal properties in onion. Detailed studies of the antifungal principles of 
irradiated and non-irradiated onion and potato has shown that the levels of hydroxy 
cinnamic acid and sulfur compounds in potato and onion, respectively, do not 
show appreciable differences (Sharma, 1978, 1979, 1981). 

Discoloration. The discoloration or darkening of inner buds or growth center near 
the disk region in bulb crops irradiated for sprout inhibition has been reported 
(Thomas, 1986). If onions are irradiated within the dormancy period, the discol- 
oration is limited to a very small area, comprising of the meristem tissue. The 
intensity and the extent of darkening could be affected by factors such as cultivar 
differences, time of irradiation, dose, and post-irradiation storage conditions. The 
discoloration does not make the bulbs unacceptable for most kinds of use. Many 
earlier studies have shown that the discoloration was reduced at lower storage 
temperatures. However, in our recent storage studies with the summer crop of onion, 
we found that the discoloration of inner bud and meristematic tissue was high in 
cold stored onion (15 °C) compared to those stored at a higher ambient tempera- 
ture (Sharma et ah, 2002). 

9.4. After cooking darkening of potato 

A bluish gray discoloration usually referred to as after cooking darkening appearing 
after boiling potato has been reported for many potato cultivars grown in different 
parts of the world. This darkening is reported be due to formation of ferrous phenolic 
complexes. Agronomic and climatic factors as well as content of iron, phenolics, 
organic acids and pH are known to influence darkening tendency in onion (Hughes 
et ah, 1967; Smith, 1977). Gamma irradiation may induce or enhance the after 
cooking darkening in whole tubers (Dallyn and Sawyer, 1959; Stone et ah, 1966; 
Thomas et ah, 1979; Thomas and Joshi, 1981). Studies suggest that discoloration 
in boiled and processed potatoes could be minimized by the use of electron irra- 
diation instead of gamma irradiation. The use of sodium polyphosphate during 
making of processed potato products is a common practice and can take care of 
this browning. 

9.4.1. Organoleptic qualities 

The evaluation of cooking qualities such as color, texture, flavour, and preferences 
have not shown any significant change in culinary properties between irradiated 
and non-irradiated potato tubers or bulbs (Lewis and Mathur, 1963; Dallyn and 
Sawyer, 1959). 
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9.4.2. Processing qualities of irradiated onions and potato 

The dehydrated onions prepared from irradiated samples were of better quality 
than those from the controls (Farkas, 1976). Several studies have shown that irra- 
diation does not have any significant effect on the quality of potato for processing 
into chips, instant mashed potato flakes, frozen French fries, and fresh pre-peeled 
boilers (Tankano et ah, 1972; Umeda, 1969). 

9.4.3. Effect on potato tuber moth 

One of the most destructive post-harvest pest of the potato under the warm sub 
tropical climate is the potato tuber moth, Phthorimoea opercullela (Zeller). It has 
been reported that irradiation at 0.01 kGy prevented hatching of eggs and adult emer- 
gence from infested tubers (Thomas et al., 1978). Irradiation at 0.1 kGy completely 
inhibited adult emergence from eggs and early larval instars. A dose of 0.2 kGy 
was required to prevent emergence of adults form late larval instars (Harwalkar 
and Rahalkar, 1971). 

9.5. Test marketing and consumer acceptance trials 

Test marketing and consumer acceptance studies of onions and potatoes have been 
carried out in a number of countries. Irradiated onions have been produced and 
marketed in France, Hungary, Israel, Italy and the Netherlands. Irradiated potatoes 
have been produced and marketed in Israel, Japan, and France. The majority of 
the participants in these market studies have indicated the superiority of the irra- 
diated products. Commercial irradiation of potato for sprout inhibition is in practice 
in Japan for the past 30 years (Anon, 1990; Umeda, 1983). 

9.5.1. Method for detection of irradiation treatment 

A reliable method for detection of irradiation treatment in bulbs and tubers would 
be advantageous in the regulation of national and international trade and to enforce 
labeling rules. A number of physical, chemical and biological methods have been 
developed for identification of irradiated onion and potato. These include elec- 
trical conductivity and impedance measurement, electron spin resonance spectroscopy 
(ESR), thermoluminiscence, flow cytometric measurements and changes in histo- 
logical and biological characteristics (Bogl, 1989; Delincee and Ehlerman, 1989; 
Schreiber et al., 1993; Selvan and Thomas, 1994; Sandret et al., 1996). 

9.5.2. Control of the process to ensure proper practice 

The pre-irradiation factors are important aspects of the total process of preserva- 
tion of bulbs and tubers by irradiation (IAEA, 1997). 

• Conditions affecting the storability of the tubers and bulb crops would affect 
the results of irradiation treatment. 
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• Only cultivars/varieties of proven storage qnalities are suitable for irradiation and 
long-term storage. 

• Only products of good initial quality are suitable for irradiation. 

• Irradiation cannot improve the storage properties of bulbs and tubers damaged 
or unhealthy at the time of treatment, which may be even detrimental in such 
cases. 

• After the crops are harvested, they must be cured well, cleaned of adhering 
soil, and sorted to remove badly damaged and infected material. 

9.5.3. The commodity requirements 

• Onion bulbs should be of the quality required by local standards and be fully 
mature, sound, firm and well covered with dry scales. 

• Bolted bulbs or bulbs with thick neck should be avoided. 

• Bulbs should be topped 3-5 cm above the neck. 

• Bulbs which are light have either lost moisture or have decayed are not suitable 
for irradiation. 

• Proper curing (drying of the outer surface and neck) of the bulbs prior to 
irradiation is essential. 

• Product that has been rained should be properly dried. 

• Potato with fully developed periderm or well set skin only are suitable for 
irradiation. 

• In case of potato holding up to 30 days prior to irradiation, depending on the 
variety and dormancy period, at 15-25 °C, and 90-95% RH maximizes healing. 

9.5.4. Containers and packaging 

Choice of packaging may be restricted by the prevalent practices or regulations in 
the country, where the product if sold. Bags or sacks made of wide-meshed jute 
or synthetic material are regarded as satisfactory containers. 

In order to minimize the handling injuries during and following irradiation treat- 
ment, the best possible approach is to use pallet boxes or bulk containers in which 
the product can be stored, dried, cured and irradiated. Post irradiation storage can 
be either in the pellet or in bulk, although in the latter case the damage can still 
occur while unloading. The use of pellet boxes allows rapid mechanized handling 
and movement of the product with minimum injury. Pellet boxes should be able 
to be stacked one over the other without increasing the load in the boxes in the lower 
layers. Modern agro-technical practice of soft handling and storage of bulk tubers 
and bulbs should be employed (IAEA, 1997). 

9.5.5. Pre-irradiation storage and transport 

• Mechanical damage to the bulbs or tubers should at best be avoided or minimized 
during pre-irradiation storage and transport. 

• Irradiation of tubers should be done as soon as the curing is complete, in general 
with in one month of the harvest. 
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• Onions must be irradiated before the break of the dormancy period. The length 
of the dormancy period depends varies with the variety of onion and the holding 
temperature after harvest. 

• In general onion should not be held very long after the harvest and before 
irradiation. Irradiation within one or two months after harvest may result in the 
most effective control. 

• Temperature during storage should be chosen to prevent development of rot 
and browning of the inner buds. In case of bulbs, higher temperatures (15-20 
°C) at low RH will be satisfactory. 

9.5.6. Post -irradiation storage and handling 

• Bulbs irradiated within the dormancy period at the absorbed dose of 20-70 Gy 
can be stored at a temperature 5-20 °C. 

• Air movement within the storage bins or stacks is needed to remove heat of 
respiration. 

• Onions stored in open mesh bags, or in slatted crates or pellet bins also require 
air circulation. 

• Humidity levels between 50-80% are considered ideal. 

• Onions can be stored up to 8-9 months at ambient temperature under moderate 
climatic conditions. 

• Adequate ventilation must be provided. 

• For storage of potatoes up to six months a temperature of 15 °C may be employed 
and for longer storage a temperature of 10 °C or lower is needed. 

• Yams may be stored for 4-5 months at a temperature of 25-37 °C and a RH of 
50-85%. 



10. SHELF-LIFE EXTENSION OF FRUITS AND VEGETABLES 

10.1. Purpose of irradiation 

The purpose of irradiation of banana, mango and papaya fruits is to extend their 
normal shelf-life by delaying ripening. Other possible effects of irradiation, such 
as reduction of spoilage microorganisms of insect disinfestations, may be secured, 
but are not the primary purpose of irradiation. 

10.2. Pre-irradiation treatment 

Fruits to be irradiated should be freshly harvested, sound, clean, free of any mechan- 
ical injury or physiological disorder and without indication of microbial spoilage 
or insect infestation. Irradiation cannot be used to make correction for poor quality 
fruit or bad practices in the handling of the fruits. Wherever possible, fruits should 
be harvested under dry conditions and in the coolest part of the day to minimize 
field heat. The crop should be aerated to remove heat absorbed in the field as soon 
as possible. Careful picking and handling will reduce mechanical damage. 
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Bananas, mangoes and papayas are climacteric fruits and exhibit with time at 
the hard mature green state, a decline in the respiratory rate as evidenced by lowering 
of carbon dioxide evolution and oxygen consumption. On continued holding of 
the fruit, ripening begins and respiration and ethylene evolution rate increase. 
Other changes indicative of ripening, such as softening and colour changes, also 
occur. The respiration and ethylene evolution rates peak with time and at, or 
immediately after this stage the fruit is considered ripe. 

The maturity of the fruits at the time of harvest is a critical factor in their shipment 
to a distant market. For successful ripening delay by irradiation the fruits should 
be harvested at the hard mature green state and must not have entered the climac- 
teric state. If irradiation is done after the climacteric has begun, it does not casuse 
a ripening delay and may even accelerate it. On the other hand, irradiation at too 
early a stage, normal ripening may not occur in some instances. 

10.3. Radiation dose 

10.3.1. Bananas 

Generally absorbed doses in the range of 200 to 400 Gy are suitable for delaying 
the ripening of pre-climacteric bananas. The particular absorbed dose that is effec- 
tive varies with the variety. The maximum delay of ripening occurs in fruits of lower 
maturity at harvest. Almost all varieties that have been tested do not tolerate absorbed 
doses exceeding 500 Gy when irradiated in the pre-climacteric state. Excessive 
amounts of radiation can cause changes in physical characteristics, such as skin 
colour and integrity, or pulp texture. 

10.3.2. Mangoes 

Absorbed doses effective in inhibiting ripening of mangoes, irradiated in the hard 
green pre-climacteric state, are greatly dependent upon the variety of mango and 
the production area. It is necessary to establish the dose requirements for each variety 
for the local conditions. Absorbed doses may be expected to fall in the range of 
250 to 750 Gy. Higher doses may be detrimental to fruit quality. 

10.3.3. Papayas 

Absorbed doses in the range of 750 to 1,000 Gy given to papayas in the pre- 
climacteric state are effective. Absorbed dose above 1,500 Gy may cause changes 
in physical characteristics, such as scaling of the skin. 

In some other fruits like cherries and apricots also delay in senescence could 
be achived by radiation processing. Similarly, storage decay could be controlled 
in tomato, strawberries and figs (Akamine and Moy, 1983). 

Biochemical changes during ripening of the tropical fruits have been studied in 
detail (Surendranathan and Nair, 1980). 
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11. IRRADIATION TO OVERCOME QUARANTINE BARRIERS 

One of the major problems of international trade in food and agricultural produce 
is the presence of exotic insects and pests. This invites quarantine restrictions and 
hinders movement of food and agricultural produce from one country to another and 
sometimes from one state to another with in a country. Therefore, in order to be 
competitive in international market effective quarantine treatment of food and agri- 
cultural produce is necessary. 

Quarantine treatment is a process carried out on a commodity that would ensure 
killing or rendering incapable of any insect pest or microorganism of quarantine 
importance (Hallman, 2001). Quarantine disinfestations of commodities could be 
achieved through a variety of methods. These include: 

11.1. Chemical methods 

• Pesticide applications 

• Chemical fumigation 

11.2. Physical methods 

• Thermal disinfestations 

• Low temperature inactivation 

• Atmosphere modification 

• Ionizing irradiation 

Chemical methods: Use of chemicals for the control of stored product insects is 
common. Chemicals are relatively cheap, easy to apply, and could be quite effec- 
tive, therefore, they are commonly used for disinfestations of stored products. The 
broad spectrum fumigant methyl bromide (MB) is commonly used followed by 
organophosphates. As MB is being phased out, the phosphine is expected to play 
a dominant role. However, phosphine has some serious drawbacks. Phosphine takes 
days to achieve disinfestatation compared to hours in MB. Phosphine is also known 
to be corrosive. Chemicals have also limited penetration, therefore they may not 
be effective under certain conditions (Regina Sartori et al., 1990). Moreover, inju- 
dicious use of chemical fumigants has resulted in development of resistance against 
almost all the chemicals. Due to environmental and health reasons the apathy of 
consumers is growing against the use of chemical pesticides. Chemicals also leave 
residues on commodities, which may pose health risks to consumers. Also, these 
chemicals also pose health risk to workers. 

Physical methods: Conventional physical methods include, heated air, vapor heat, 
and refrigeration. The factors which must be considered in temperature manipula- 
tion are: 

• Time-temperature combination 

• Tolerance of the commodity 
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These methods are relatively costly and also sometimes make the commodities 
susceptible to fungal infections. 

Modified atmospheres have also been used to control insects. The response of the 
insect species and commodity would vary with the MAP. Insects may also develop 
resistance to MAP (Donahaye, 1990). 

11.3. Radiation effects on insects 

Insects in general are sensitive to radiation. Their radiosensitivity is directly pro- 
portional to their reproductive activity and inversely proportional to the degree of 
differentiation. Thus the dividing stages are sensitive and static stages are more 
resistant to radiation. In general the radiation effects manifested in insect life cycle 
are lethality, reduced longevity, respiratory collapse, delayed moulting, infecun- 
dity, aspermia, reduced feeding, delay in development. 

Radiation sensitivity of insects varies from order to order. The family Bruchidae 
of the insect order Coleoptera (beetles) is generally most sensitive to radiation, 
whereas the moths (Lepidoptera) are the most resistant group. Normally the sterility 
doses vary from 50 Gy in pulse beetles to 1,000 Gy in moths. A dose of 500 Gy 
produces over 95% sterility in the most species of insects. As a result disinfesta- 
tions is achieved. For the determination of disinfestation dose in a commodity first 
of all the kind of insect is identified, duration of their developmental stages and their 
most damaging stage is in the product should also be known for determination of 
radiosensitivity (Ahmed, 1990; Hallman, 2001). The radiation doses that can control 
insects are given in Table 9. 

Global trade in food including fresh agricultural produce is expected to increase 
among the WTO member states. However, with regard to quarantine treatment and 
trade in food and agro-horticultural produce provisions of the following agree- 
ments are of particular relevance; 

• Agreements on the Applications of Sanitary and Phytosanitary (SPS) Measures 

• Technical Barriers to Trade (TBT) 

The effectiveness of irradiation as a broad spectrum quarantine treatment of 
fresh fruits and vegetables was first recognized by the North American Plant 
Protection Organization (NAPPO) in 1989. In U.S.A. USDA/APHIS approved in 
July 1997 the use of irradiation for quarantine treatment of fresh papaya, leeches, 
and carambola fruits from Hawaii. 

11.4. Use of ionizing radiations as quarantine treatment 

However, treatment with ionizing radiations is a very promising and effective 
alternative technology currently available for food and agricultural commodities 
to overcome quarantine restrictions in international trade. It has several advan- 
tages over the conventional methods. The cold nature of the treatment makes it 
very suitable for application to fresh agricultural produce. It is also more effective 
because of the high penetrating power of ionizing radiations. It is an environmen- 
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tally friendly technology and safe to workers. A number of radiation processing 
plants for treatment of healthcare products already exist in the country. The facil- 
ities for treatment of food and agricultural commodities are coming up and will 
be available soon. 

Fresh, dried or processed fruits, grains, and other plant materials such as cut 
flowers can be treated most effectively by low doses of gamma radiations. Gamma 
radiations from a radionuclide source as well as electron beams from accelerators 
could be used. The most important single pest group of quarantine importance present 
in fruits and ornamental flowers is the fruit fly. A dose of 75-150 Gy has been found 
to prevent emergence of adults from the eggs of fruit fly. Radiation is also equally 
effective against pests other than fruit flies. These include moths, weevils, beetles, 
and mites. A dose of 300 Gy has been found to be highly effective in destroying 
the reproductive capacity of these pests. A number of agro-horticultural commodi- 
ties are amenable to radiation processing. 

Low doses recommended for quarantine application do not affect the freshness 
and organoleptic quality of fresh fruits and vegetables. Dried fruits, herbs, spices 
and grains, can withstand even higher doses. Irradiated commodities remain whole- 
some and safe for human consumption. 

Commercial use of irradiation as a quarantine treatment started in U.S.A. in 
1995 for importing fruits from the island state of Hawaii to the mainland. Though 
its use has since increased the world over, its full potential as quarantine method 
is yet to be realised. Changes in national regulations are therefore necessary for 
the popularisation and exploitation of this emergent technology. These include: 

• Appropriate changes in the national quarantine and plant protection policy and 

regulations 

• Harmonization of national regulations with the international regulation 

Efforts to harmonize protocols on the use of irradiation as a quarantine measure 
have already started. A harmonized protocol for the use of irradiation as a phy- 
tosanitary treatment for Asia and the Pacific was evolved in Manila in 1999, and 
an action plan to adopt these protocols by the member states has also been proposed. 



12. IRRADIATION TO ENSURE MICROBIOLOGICAL SAFETY OF 
FRUITS AND VEGETABLES 

There is an increasing demand for the consumption of fresh-like or less exten- 
sively processed or minimally processed, pre-cut, ready-to-eat, or ready-to-cook 
fruits and vegetables. Outbreak of human diseases associated with the consump- 
tion of raw fruits and vegetables have often occurred in developing countries and 
have become frequent in developed countries over the past decade. Factors thought 
to influence the occurrence and epidemiology of these diseases include: 

• Irrigation and agronomic practices 

• Use of composts and organic manure 
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• The general hygiene of handlers 

• International travel 

• Globalized distribution 

• Introduction of pathogens into new geographical areas 

• Low immunity of some consumers 

12.1. Bacteria 

Numerous surveys have been carried out in many countries to determine the path- 
ogenic micro-organisms on raw fruits and vegetables. The results of these 
investigations have been reviewed by WHO in 1998. Fifteen different bacteria 
have been isolated from forty fresh vegetables. Most of these pathogenic bacteria 
and also some parasites and viruses, have been involved in outbreaks of food borne 
diseases for the consumption of fresh fruits and vegetables. The bacteria of major 
concern are. Listeria monocytogenes. Salmonella, E. coli. Shigella, Yersinia ente- 
rocolitica, Campylobacter, Vibrio cholerae, and Staphylococcus. 

12.2. Parasites 

Outbreaks of protozoan infections in humans have been linked to raw fruits and veg- 
etables. Handlers and environment of handling could be the main source of 
contamination. The protozoal parasites associated with fruits and vegetables include 
Giardia and Cyclospora. Vegetables are also contaminated with trematodes like 
Fasciola hepatica. 

12.3. Viruses 

Although viruses do not grow on raw fruits and vegetables, they may serve as 
vehicles for infection. Hepatitis A infection has been linked to the consumption 
of lettuce, diced tomatoes and strawberries. 

12.4. Irradiation as a preventive measure 

Very few studies have been carried out on radiation processing of fruits and veg- 
etables to control human pathogens in fresh fruits and vegetables. Doses up to 
0.75 kGy were found to be sufficient to eliminate an initial contamination of 10^ 
cells/g of V cholerae without any changes in the sensorial quality of vegetables 
such as lettuce, celery and cabbage artificially contaminated with the organism 
(FAO/IAEA, 2001, 2002). Irradiation seems to be a promising tool for elimina- 
tion of bacteria and parasites and ensure hygienic quality of fresh fruits and 
vegetables. However, more research is needed in this area. 
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13. CONCLUSION 

Radiation processing is emerging as an alternate technology for application to 
fruits and vegetables. It can be effectively used for sprout control in bulbs and tubers. 
A few commercial facilities for catering to this application are already functioning. 
The technology has a vast potential for replacing fumigants for quarantine treatment. 
This potential is also beginning to be tapped for commercial application and is likely 
to pick up a great deal under the WTO regime for trade in fresh horticultural com- 
modities. Other potential uses of this technology required to be tapped relate to 
the delay in ripening and senescence of fruits and vegetables and also for shelf- 
life extension and hygienization of precut or minimally processed fruits and 
vegetables. However, standardization of process parameters and techno-economic 
feasibility of scaling up such facilities remains to be carried out. 
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1. INTRODUCTION 

Postharvest treatments have been applied to fresh horticultural commodities to 
prevent the export of quarantined pests to other countries. The most common posthar- 
vest quarantine treatments have been done with chemical fumigants such as ethylene 
dibromide (EDB) and methyl bromide (MeBr). The U.S. Environment Protection 
Agency (EPA) banned EDB on December 14, 1983, edentified as a carcinogen 
(Anon, 1993). This ban resulted in severe restriction export and trade of many 
commodities. An alternative fumigant, methyl bromide, became the chemical of 
choice for quarantine security for fresh horticultural crops. Arnon (1992) determined, 
methyl bromide as an ozone depleter and thus restrictions on its future use were 
imposed. As a result, the U.S. Environmental Protection Agency (EPA) banned 
use of MeBr from 2001 (Clean Air Act, 1991, Title VI section 602). Since than a 
concerted efforts have been made by the USDA, and Land Grant Colleges and 
Universities to develop alternative quarantine treatments to maintain export markets 
for fresh horticultural products. 

The U.S. congress, under the 1999 Appropriations Bill altered the U.S. Clean 
Air Act (Sec. 764. a) to reflect the restrictions of the Montreal Protocol. This restric- 
tions on the use of MeBr for postharvest and phytosanitary uses. Consequently, 
the funding and interest in alternative and non-chemical quarantine treatments 
dropped dramatically. However, organic farmers, could have benefited the most from 
the alternative research, stood to lose any hope for the development of alterative 
treatments. In 2001, the interest in the new Organic Earming Standards was reflected 
in programs designed to maintain and gain markets for organic produce. Thence, the 
interest in non-chemical quarantine treatments was revived and the research effort 
were renewed. 

Among the alternative treatments investigated were the use of elevated temper- 
atures and controlled atmospheres. Dr. Elizabeth Mitcham, University of California, 
Davis and Dr. Lisa Neven, USDA-ARS, Wapato, WA worked with an engineer, 
Dan Black of Techni-Systems, Chelan, WA to develop a research unit which would 
be able to treat commodities with hot forced moist air or vapor heat while moni- 
toring and controlling the rate of heating, surface and core temperatures, relative 
humidity, dew point, air speed, oxygen and carbon dioxide levels (Neven and 
Mitcham, 1996). They called this technology CATTS for Controlled Atmosphere 
Temperature Teatment System (Neven and Mitcham, 1996). Another combination 
treatment system was developed in New Zealand (Dentener et ah, 1997) and termed 
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HAFCAT for High Air Flow Controlled Atmosphere and Temperature unit. This unit 
was much larger than the 3x5x7' U.S. unit, and contains different control and 
monitoring systems. 

CATTS was developed to exploit the differences in stress responses of plants 
versus insects to achieve quarantine security. Plants react to a stress with a ‘stock’ 
physiological and biochemical response. The response to one stress, such as cold, 
is similar to the response to another stress, such as heat shock (Guy et al., 1996). 
Interestingly, exposure to one stress can provide protection against a subsequent dif- 
ferent stress. For example, a heat shocked plant is more resistant to chilling than 
one which never received a heat shock (Neven et al., 1992; Neven et al., 1993). 
Insects, on the other hand, do not generally exhibit this response scenario. There 
is only one report in the literature where a heat shocked flesh fly exhibited chilling 
tolerance (Chen et al., 1987). Luckily, this is not the case for most insect pests, espe- 
cially those concerning quarantine. Research with codling moth demonstrated that 
heat stressed larvae died faster when exposed to a subsequent cold treatment than 
larvae that were never heat stressed (Neven and Rehfield, 1995). Another meta- 
bolic consideration in the development of CATTS is the fact that fruit have a high 
capacity for anaerobic metabolism, the by-product being ethanol, which is volatilized 
once the fruit is returned to normal oxygen levels. Insects have a limited capacity 
for anaerobic metabolism. Reducing the availability of oxygen during a heating stress 
hinders the insects’ ability to support elevated metabolic demands due to the heat 
load. There is also an evidence that a heat treatment under anoxic conditions reduces 
the production of heat shock proteins in insects (Thomas and Shellie, 2000). In 
addition, hypercarbonic atmospheres interfere with the insects’ ability to produce 
ATP (Friedlander, 1993; Zhou et al., 2000, 2001). Heat treatments combined with 
an anoxic environment can provide quarantine security more rapidly than a heat 
treatment or a controlled atmosphere treatment alone (Lay-Yee and Whiting, 1996; 
Moss and Jang, 1991; Neven and Mitcham, 1996; Sonderstrom et al., 1992; Whiting 
et al., 1991; Whiting et al., 1992; Whiting and Heuvel, 1995; Whiting et al., 1995; 
Whiting et al., 1996; Whiting and Hoy, 1997; Yocum and Denlinger, 1994). 

Traditionally, heat treatments have been given to reach the target temperature 
as quickly as possible (Mangan and Ingle, 1994; Mangan et al., 1998; Shellie et 
al., 1993; Shellie at al., 1996; Shellie and Mangan, 1994; Armstrong, 1994; Sharp, 
1994; Hallman and Armstrong, 1994). This strategy works effectively for tropical 
and sub-tropical fruits, but not for temperate tree fruits (Neven et al., 1996). Other 
researchers have shown that short-term, high temperature treatments of apples 
prior to long term cold storage improve quality and lengthens shelf life (Klein, 1994; 
Klein and Lurie, 1992; Klein et al., 1990; Lurie et al., 1990, 1991). Research with 
apples and pears indicated the rate of heating directly impacted fruit quality (Neven 
and Drake, 2000). By controlling the rate of heating, the fruit can compensate 
for the heat load. The lower limit of the optimal rate of heating for apples and 
pears reflected the heating rate of the fruit on the tree during a hot summers’ day 
(Figure 1). Fruit can respond to the heat load in a direct postharvest treatment if 
it is not far from the cyclical heat load experienced during the growing season. It 
is possible that a combination of heat/CA treatment for stone fruits would also 
reflect a heating rate similar to orchard experience. While heating rate needs to 
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Figure 1. Air, core and sub-surface temperatures of apples on the tree during three summer days in 
Yakima, WA during 1998. Data from J F. Howell, ARS (ret.). 
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be optimized to preserve fruit quality, the effects on insect mortality are also para- 
mount. The slower the heating rate, and the lower the final treatment temperature, 
the longer the total treatment needs to be to control the insect pest (Neven and 
Rehfield, 1995; Neven et ah, 1996; Neven, 2000). A treatment matrix for codling 
moth mortality and apple qnality that incorporates heating rate, final treatment 
temperature, and duration was developed (Neven, 1998; Neven and Drake, 2000). 
This guideline was used to develop combination treatments for apples, winter 
pears, and Bartlett pears. 

Some work to evaluate the tolerance of California stone fruit to high tempera- 
ture forced air has already begun (Obenland et ah, 1999; Obenland et ah, 2000). 
These studies examined the effect of a treatment against Mediterranean fruit fly 
that had been originally designed for use in papaya. The results, in general, were 
positive in that little or no difference was perceptible in evaluations of visual appear- 
ance, color, soluble solids, acidity, and taste between treated and untreated fruit. The 
only negative point noted was a tendency for a more rapid development of internal 
breakdown during storage for some of the cultivars tested. It is apparent that stone 
fruit have a substantial tolerance to heat and it seems likely that a heating rate 
and treatment time can be identified which will not adversely alter quality. This is 
especially true with the CATTS system in that CA can be combined with heat to 
further reduce the amount of heat required for quarantine security. It is possible 
that heat treatment could act to maintain frnit quality. It has been found that heat 
treatments of apples and pears helps to maintain firmness for a longer period of time 
(Neven and Drake, 2000; Klein and Lurie, 1992). 



2. TREATMENTS DEVELPOED 
2.1. Apple and winter pear 

After careful consideration of the thermal experience of deciduous tree fruits during 
the growing season, an experimental protocol was developed to determine whether 
the heating rate could be controlled to preserve frnit quality while achieving qnar- 
antine security (Neven et ah, 2000). It was found that heating rates from 4 to 
12 °C per hour up to final treatment temperatures of 44 and 46° were tolerated 
well by a number of apple and pear cultivars. It is interesting to note that fruit 
core temperatures of apples grown in Washington State, USA, commonly reaches 
42 °C at the rate of nearly 4 °C/hr during a typical summers’ day (Howell, 2001) 
(Figure 1). Since it was desirable to develop a quarantine treatment that could be 
applied in the shortest period of time, the highest rate of heating of 12 °C per 
hour was selected for further commodity quality and insect mortality tests. 

Frnit and insects were snbjected to heat treatments with and withont controlled 
atmospheres (CA) (1% O 2 , 15% CO 2 ) with a linear heating rate of 12 °C to final 
treatment temperatures of either 44 or 46 °C for 4 or 3 hours. Dew point was con- 
trolled to 2 °C above the surface temperature of the fruit. Air speed was maintained 
between 1.5 and 2.0 m/s. Codling moth larvae (fifth instar), the stage most tolerant 
to heat and controlled atmosphere treatments, were transferred to the frnit 24 hours 
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prior to the test. Codling moth infested fruit were evaluated the day after treat- 
ment and moribund larvae were held on artificial diet for 7 days and evaluated 
for survival. Following treatment, all fruit that were to be evaluated for quality 
were stored under standard CA conditions (1% O 2 , 1% CO 2 , 0 °C) for 0, 45 or 90 
days No significant differences were detected in fruit quality either by fruit heated 
in air or under CA conditions. In all heat-treated fruit, quality after cold storage 
was as good or better than control fruit treated. The results from this test were similar 
to those obtained in previous studies using hot air conditions (Neven and Drake, 
2000 ). 

The impact of application of the controlled atmosphere during the heat treat- 
ment on insect mortality was significant. Heat treatments without controlled 
atmosphere gave significant insect survival following 3 hour treatments (using the 
46 °C treatment), whereas heat treatment with a controlled atmosphere provided 
complete control of codling moth larvae (Figure 2). 

These data indicate that a CATTS treatment of pome fruits can provide quaran- 
tine security against codling moth. Additional research conducted at the USDA-ARS, 
Weslaco, TX, USA, indicates that both plum curculio and apple maggot, pests known 
to infest fruit in the eastern United States, are controlled by these CATTS treatments 
(Hallman, Pers. Com.). Studies are now under way to demonstrate effectiveness 
of CATTS on Oriental Fruit moth and Lesser Appleworm. 

2.2. Bartlett Pear 

Bartlett pears are one of the few fruits which cannot tolerate most traditional posthar- 
vest quarantine treatments designed to control insect pests like codling moth or 
oriental fruit moth. Therefore, these fruit are not commonly exported to markets 
restricting these pests. Also, Bartlett pears are not known to store for extended 
periods of time like apples and winter pears. Considerable time and effort are used 
when processing Bartlett pears, which often requires canning operations to pay 
overtime to workers to ensure that the harvest is processed before quality is lost 
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Figure 2. Mortality of fifth instar codling moth in pears following heat treatments of 12 °C/hr to a 
final temperature of 46 °C in air and in controlled atmospheres (1% O 2 , 15% COj). 
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due to over-ripening during storage. It is possible that heat treatments prior to 
cold storage could delay ripening, and therein buying canners some time in pro- 
cessing the harvest. 

Bartlett pears were harvested and immediately sorted into treatment groups. Pears 
were heated in a CATTS chamber located at the U.C. Davis Pomology Department, 
Davis, California, USA. Treatment conditions consisted of a chamber heating rate 
of 100 °C/hr, to a final chamber temperature of 46 °C, with dew point set at 2 °C 
below frnit snrface temperature, air speed at 2 m/s, either in air or with a con- 
trolled atmosphere of 1% O 2 , 15% CO 2 . Fruit were sampled at 0, 1, 2, and 3 hour 
intervals. Following treatment, frnit were either assessed for quality immediately 
following treatment or stored at -1.0 °C for 3 weeks. Fruit were allowed to ripen 
at room temperatnre for 4 and 7 days, at which time, quality assessments were 
made (Tables 1 and 2). 

The longer the duration of the heat treatment, the firmer the pears were fol- 
lowing the ripening period (Tables 1 and 2). The fruit quality immediately after 
heat treatments were not significantly different from non-heated controls (Table 
1). The L value of the 1 and 2 hr heat + CA treated fruit following 4 days of ripening 
were slightly lower than controls, whereas the H values were slightly higher than 
controls. The levels of soluble solids were not significantly different between treat- 
ments, whereas there was a slight decrease in titratable acidity in the cold stored 
- 3 hour heat - 1 - CA treated fruit after the 4 day ripening period (Table 2). However, 
this decrease was not observed in the 7 day ripened fruit, and for the heat - 1 - CA 
treated frnit, the TA valnes were slightly higher (Table 2). There was an increase 
in external injury evident in the cold stored heat - 1 - CA 2 and 3 hr samples, which 
may be a resnlt of handling hot fruit following treatment (Table 2). The L values 
of cold stored heat - 1 - CA treated fruit were slightly lower than controls, whereas 
the H valnes tended to be slightly increased at the 4 day but not the 7 day ripening 
periods (Data not shown). 

Since the heating rate was higher for the Bartlett pears (100 °C/hr) as compared 
to the apple and winter pear CATTS treatments (12 °C) (Figure 3), complete mor- 
tality of fifth instar codling moth was achieved at 2.5 honrs (Figure 4) as opposed 
to 3 hr for the apple/winter pear treatments (Fignre 2). It is obvions that the qnality 
of Bartlett pears is acceptable within the treatment parameters necessary to control 
the most tolerant stage of codling moth. 

2.3. Sweet cherry 

Sweet cherry is a perishable crop that is affected by extreme temperature during 
storage. On the snrface, this crop may not appear suitable for postharvest thermal 
treatments, however, throughout the growing season; surface and core tempera- 
tures reach thermal maximums of 43 °C and above (Neven, pers. obs.). Through 
successive days of thermal extremes, fruit become acclimated to high tempera- 
tures. However, the delicate nature of these fruit necessitated the development of 
rapid thermal treatments to maintain qnality. Initial research indicated that hot 
water dips of frnit of sufficient duration to control codling moth cansed signifi- 
cant loss of quality (Neven and Mitcham, 1996). In addition, forced hot air 




Table 1. Quality index of Bartlett pears evaluated immediately after treatment with 46 °C hot air or combination hot air and controlled atmosphere of 1% 
Oj, 15% COj, 
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Comparison of Fruit Temperatures 

100 vs 12°C/hr 




Figure 3. Comparison of heat treatments of pears using heating rates of 100 °C/hr (ClOO and SlOO) 
and 12 °C/hr (C12 and S12). Core temperatures (C) and surface temperatures (S) of average size fruit 
are shown. 




Time (Hours) 

Figure 4. Mortality of fifth instar codling moth in pears following heat treatments of 100 °C/hr to a 
final temperature of 46 °C in air and in controlled atmospheres (1% O 2 , 15% CO 2 ). 

treatments, without controlled atmosphere, was prohibitive (Neven and Mitcham, 
1996). However, the treatment under controlled atmosphere, the duration neces- 
sary to control codling moth was significantly decreased, and also provided 
acceptable quality fruit. Nonetheless, the duration of the treatment still appeared 
too long to provide packers with a quick treatment that could be used in a packing 
line system. We therefore developed a combination CATTS treatment which incor- 
porated a rapid thermal ramp. The modified treatments used a chamber pre-set at 
either 45 or 47 °C with an air speed of 2 m/s, dew point at 2 °C below fruit surface 
temperature, with 1% O 2 and 15% CO 2 . Cherries were quickly added to the chamber 
with a resultant slight increase in oxygen and slight decrease in carbon dioxide levels. 
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Optimal treatments resulted when cherry center temperatures reached 42 °C within 
5 to 8 minutes after insertion into the chamber. Shortening the duration of fruit 
heat-up increased codling moth mortality at each given time point. Treatments 
were sufficiently shortened to 25 min with the 47 °C treatment and 45 min with 
the 45 °C treatment (Figures 5 and 6). The quality of the CATTS treated fruit was 
within acceptable parameters (Neven and Drake, 2000), and were comparable to 
methyl bromide fumigated fruit (Table 3-6). 



45°C CATTS 

Sweet Cherries 

20 30 40 

Time (min) 

47°C CATTS 

Sweet Cherries 

100 _ 



10 15 20 

Time (min) 




100 



80 

ro 60 

tr 

o 

^ 40 
20 



0 



Figure 5. Mortality of third instar codling moth in sweet cherries following CATTS treatments in air 
Heat) or controlled atmospheres CA) of 1% O 2 , 15% CO 2 . 
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Cherry Treatments 

45“C vs. 47X 
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- Air45 = Sur45 ® Cofe45 • Air47 

- Sur47 >« Core47 - C02 02 

Figure 6. Comparison of two CATTS treatment conditions for sweet cherries. One treatment is 
performed at a chamber temperature of 45 °C (-■-) for a total of 45 minutes whereas the other treat- 
ment is performed at a chamber temperature of 47 °C (-•-) for a total of 25 minutes. Atmospheric 
conditions are indicated by (-A-, COj; -T-, O 2 ). 

3. OTHER TREATMENTS IN DEVELOPMENT 

3.1. Walnuts 

Walnuts are frequently fumigated to disinfest the product from storage pests like 
navel orange worm and Indian meal moth. The quarantine pest in in-shell walnuts 
diapauses codling moth larvae. Codling moth enter a deep metabolic diapause, 
exhibiting delayed development and lowered metabolism (i.e. suppressed respira- 
tion). It is much more difficult to kill diapausing codling moth than non-diapausing, 
active fifth instars with fumigation or prolonged exposure to controlled atmospheres 
at room temperature or below due to the reduced respiration rate. Soderstrom et 
al. (1996) investigated the potential of a combination heat/C A treatment for the 
disinfestation of diapausing codling moth in walnuts. They found that treatments 
of 98% CO 2 at 45 °C provided Probit 9 security level of codling moth control in 
3.6 hours. This duration of treatment is comparable to traditional methyl bromide 
fumigation. The temperatures used in this study were based on walnut drying tem- 
peratures determined not to adversely affect walnut quality (Batchelor and Christie, 
1924). Although this treatment looks promising, the walnut industry is reluctant 
to pursue this alternative, citing excessive costs of treatment and concerns over 
volume and time constraints. However, with increasing costs of methyl bromide 
fumigation, these concerns against CATTS may change (see section on commer- 
cialization). 





Table 3. External fruit and stem color and visual assessment of ‘Bing’ cherries. External fruit L* (ExL), external fruit hue (ExHue), stem L (StL), stem 
hue (StHue), subjective visual fruit score (VisF), and visual stem score (VisS) are given for treatments of control, CATTS 1, CATTS 2, and methyl 
bromide fumigation (MB) over cold storage periods (Store) of 0, 7, and 14 days. 
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Table 5. External fruit and stem color and visual assessment of ‘Rainier’ cherries. External fruit L* (ExL), external fruit hue (ExHue), stem L (StL), stem 
hue (StHue), subjective visual fruit score (VisE), and visual stem score (VisS) are given for treatments of control, CATTS 1, CATTS 2, and methyl 
bromide fumigation (MB) over cold storage periods (Store) of 0, 7, and 14 days. 
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3.2. Citrus 

The use of high temperature treatment for the disinfestation of citrus fruit has been 
well established (Mangan and Ingle, 1994; Mangan et ah, 1998; Shellie et ah, 
1993; Shellie et ah, 1996; Shellie and Mangan, 1994, 1996). The approved treat- 
ment for the disinfestation of grapefruit Mexican fruit fly is a high-temperature 
forced-air procedure (APHIS, 1993; Mangan and Ingle, 1994). This treatment 
requires a stepped heating profile of 40 °C for 120 min followed by 50 °C for 90 
min and 52 °C until fruit center temperatures reach 48 °C. This treatment is very 
long, and in today’s energy market, expensive to implement. This treatment was 
further shortened by using a hot forced air procedure that required the mainte- 
nance of fruit center temperatures to 44 °C for 100 min, providing that the fruit reach 
the temperature in 90 minutes. These modifications result in a treatment consider- 
ably shorter than the previous stepped treatment. It is known that the application 
of a controlled atmosphere to a heat treatment can greatly reduce the total treat- 
ment time needed to achieve quarantine security (Neven and Mitcham, 1996). An 
application of a 1% O 2 or a 1% O 2 enriched with 20% CO 2 in a hot forced air 
treatment at 46 °C reduced the exposure time necessary to kill 100% of the Mexican 
Fruit flies from 5 hours to 3.5 hours. It was apparent from initial studies that the 
fruit quality in treatments using 1% O 2 was variable, necessitating further refine- 
ment of the atmospheric conditions during treatment. 



4. IMPLICATION FOR COMMERCIALIZATION 

It may appear that fumigation with methyl bromide is more economical than the 
combination heat/CA treatments, but this has not turned out to be the case. 
Commercial fumigation chambers cost an estimated $97,000 to $175,000 to con- 
struct (G.G. Richardson, Inc. Pers. Com.), or $70,000 for a 8.6 ton portable unit 
(G.T. Nakagawa, Pers. Com.). An average fumigation chamber in Washington State 
is 58,107 cu ft (1.627 cu meters) and can hold 1,328 bins of sweet cherries or 630 
bins of apples (Stemilt Growers, pers. Com.). During year 2001, a 100 lb tank of 
Metho-Gas™ costs $660 (Pest Fog Sales Corporation, Pers. Com.). This price has 
increased by 75% from only a year ago. A 100 lb tank of can treat 154,411 lbs 
(70.2 metric tons) of apples or 143,103 lbs (65 metric tons) of sweet cherries 
(assuming a bin holds 250 lbs of fruit). Therefore, at 2001 prices, it would cost $9.40 
to fumigate a metric ton of apples and $10.15 to fumigate a metric ton of sweet 
cherries. This is assuming that the chamber is full at the time of treatment, which 
is not always the case for most fumigation treatments performed in the Northwest. 
Before apples can be fumigated, when they are stored at 2.2 °C for 55 days and 
then warmed up to 10 °C prior to fumigation (Figure 7). The fumigation for both 
apples and sweet cherries takes 2 hours with a following 2 hours for aeration, a 
total of 4 hours of treatment. After the treatment, fruit may be packed. However, 
care must be taken in packing, because the fruit is still off-gassing the methyl 
bromide fumigant. For this reason, modified atmosphere packaging is not recom- 
mended for fumigated fruits. 
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A commercial CATTS chamber would cost approximately $250,000 for a 10 
ton batch unit (20 bins) or a 2.4 ton per hour flow through unit (for sweet cherries) 
(Commercial Dehydrators, Inc., pers. com.). CATTS uses hot forced moist air tem- 
perature of 44 to 46 °C for apples and 45 to 47 °C for sweet cherries, with 
approximately 90% relative humidity, and 1.5 to 2.0 m/s air speeds, under CA 
conditions of 1% O 2 and 15% CO 2 . It takes approximately 96,000 BTU’s (24,000 
kg-cals or 28 kWh) per metric ton (2200 lbs) to raise the temperature from 20 °C 
to 47 °C. As of April 2001, in the state of Washington, it would cost $1.29 for 
propane or $1.34 for electricity (4.8 0/kWh) to generate 96,000 BTU’s. Therefore, 
the calculated cost for heating a pound of fruit would be approximately 0.060 
($1. 32/metric ton). Additional considerations that would add to the treatment cost 
would be the generation of the controlled atmosphere and cooling down the fruit 
after the treatment. Most modern packing and storage facilities have nitrogen gen- 
erators, which could be used for generation of the low oxygen environment. A carbon 
dioxide tank currently runs about $13, and would be sufficient to serve a 10 ton unit. 
The reverse calculation of energy costs of heating can be used to estimate the cost 
of cooling the fruit at an additional cost of 0.060 per pound. However, if heating 
is followed by hydrocooling, no additional cooling cost is incurred. This would bring 
the total cost of CATTS treatment up to between $2.59 for the propane and hydro- 
cooling option to $3.98 for the electric heating and cooling option. Therefore, it 
would cost, at 2001 prices, 2.4 times more to fumigate apples and 3.9 times more 
to fumigate sweet cherries than to use a CATTS treatment for these commodities. 
In addition, total treatment times to achieve quarantine security for these com- 
modities using the CATTS treatments are much less than conventional methyl 
bromide fumigation. Apple and pear treatments last 3 to 4 hours and sweet cherries 
treatments last 25 to 45 minutes. These fruits can be packed and shipped immedi- 
ately with no concerns of fumigant off-gassing or worker safety. 

One possible concern is that CATTS treatments in small chambers could possibly 
cause a back-up in the flow of fruit. This problem is unlikely to occur since apples 
destined for export to Japan go through a pre-approval process, and only approved 
for that market are fumigated. Currently, apples are not being fumigated for the 
Japanese market, so large scale fumigations are unnecessary. If fumigation for the 
Japanese market becomes necessary, pre-approved lots of incoming fruit would be 
directly loaded from the truck into the CATTS chamber. Following treatment, fruit 
could either be directed to pre-sort, packing, or into CA storage (Figure 7). The 
number of fruit handling time would be either equivalent or less than that neces- 
sary for methyl bromide fumigation and this would eliminate the need for cold room 
temperature monitoring and recording. This might mean reduced cost of cold storage 
because room and pulp temperatures would only be a quality concern and not an 
issue for regulatory officials. 

Sweet cherries fruits are mostly commonly exported to Japan. Fumigation of sweet 
cherries usually occurs once in a 24-hour period. It takes approximately 3 to 4 
hours to load the room, 2 hours to fumigate, 2 hours to aerate, and another 3 to 4 
hours to empty the room (Stemilt Growers, Inc. pers. com.). Although a 58,107 
cu. ft. room can handle 1,328 bins of sweet cherries, a normal fumigation usually 
requires only 300 to 500 bins. For many operations, cherries destined for export 
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Figure 7. Comparison of CATTS treatment (left) and conventional two component methyl bromide 
fumigation (right) for apples. 
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to Japan are identified at the scales and directed to fumigation chambers, a practice 
which would be amenable for CATTS treatment. A flow-through system operating 
at the rate of 2.2 tons per hour would process 580 bins of sweet cherries (52.8 
tons) in 24 hours. Cherries coming in from the field would be directly loaded onto 
the flow-through belt unit and undergo either the 25 or 45 minute treatment and 
dumped into the packing line. Disruption of the line operations would be minimal 
while quarantine security would be nearly instantaneous. 



5. CONCLUSION 

There is a continuous decrease in the supply of methyl bromide, and as a result 
its cost is going up. The cost of methyl bromide increased by 75% from 2000 to 
2001 and is expected to increase by 60 to 70% each year for the next 4 years (Pest 
Fog Sales Corporation, Pers. Com, G. T. Nakagawa, pers. Com.). As we near 2005, 
the cost of methyl bromide is expected to cost from $4,325 to $5,512 per 100 lb 
tank (60%-70% increase/yr). Even if the energy prices quadruple, the costs of 
CATTS treatments would still be more cost effective than methyl bromide fumi- 
gation. It is highly unlikely that any nation would be able to afford methyl bromide 
fumigation as a means to meet quarantine requirements of importing countries. It 
therefore becomes increasingly more urgent to develop alternative methods for 
meeting quarantine standards to maintain current export markets. CATTS is one 
method that is ready for large-scale demonstration and commercial application as 
a viable alternative treatment. 
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